Despite the significance of redox post-translational modifications (PTMs) in regulating diverse signal transduction pathways, the enzymatic systems that catalyze reversible and specific oxidative or reductive modifications have yet to be firmly established. Thioredoxin 1 (Trx1) is a conserved antioxidant protein that is well known for its disulfide reductase activity. Interestingly, Trx1 is also able to transnitrosylate or denitrosylate (defined as processes to transfer or remove a nitric oxide entity to/from substrates) specific proteins. An intricate redox regulatory mechanism has recently been uncovered that accounts for the ability of Trx1 to catalyze these different redox PTMs. In this review, we will summarize the available evidence in support of Trx1 as a specific disulfide reductase, and denitrosylation and transnitrosylation agent, as well as the biological significance of the diverse array of Trx1-regulated pathways and processes under different physiological contexts. The dramatic progress in redox proteomics techniques has enabled the identification of an increasing number of proteins, including peroxiredoxin 1, whose disulfide bond formation and nitrosylation status are regulated by Trx1. This review will also summarize the advancements of redox proteomics techniques for the identification of the protein targets of Trx1-mediated PTMs. Collectively, these studies have shed light on the mechanisms that regulate Trx1-mediated reduction, transnitrosylation, and denitrosylation of specific target proteins, solidifying the role of Trx1 as a master regulator of redox signal transduction. Antioxid. Redox Signal. 00, 000-000.
T hioredoxin 1 (Trx1), a 12 kDa protein found primarily in the cytosol and occasionally in the nucleus (103, 224) , plays critical roles in regulating protein thiol homeostasis and redox signaling both inside and outside the cellular environment (7, 107, 146) . A key component of its disulfide reductase function is a highly conserved CXXC motif, located on its exterior (70) , which promotes electron and disulfide exchange between Trx1 and its substrates. Trx1 is a component of the Trx protein reductive system, which also includes Trx reductase (TrxR) and nicotinamide adenine dinucleotide phosphate (NADPH) (the latter is derived mainly from cellular metabolism; Fig. 1 ) (216) . The Trx reductive system is an essential cellular mechanism facilitating the reduction of reactive oxygen species (ROS) by supporting the peroxidase actions of peroxiredoxins (Prxs) and directly repairing oxidatively damaged proteins. Trx1 regulates a wide range of cellular functions, including cell growth (279) , proliferation (77) , and apoptosis (14, 191) . Its dysfunction is associated with a variety of diseases in which redox imbalance has been implicated, including cancer (216) , human immunodeficiency virus infection (26) , neurodegenerative diseases (154) , and cardiovascular diseases (4, 241) . Trx1's disulfide reduction function is widely recognized, and to a lesser degree it has been shown to modulate additional redox-dependent posttranslational modifications (PTMs), including transnitrosylation (183, 184, 273) and denitrosylation (21, 23) of specific proteins. In this review, we examine the function of Trx1 in regulating protein PTMs and the proteomics approaches for the identification of Trx1 target proteins. In addition, we discuss the potential contribution of proteomics approaches for identifying novel Trx1 targets and dissecting the mechanisms of Trx1-mediated redox PTMs.
II. Trx Systems

A. Trx1 and related proteins
Trx1 is conserved across kingdoms, suggesting that its redox regulatory function is essential to life (213) . Mammalian Trx1 orthologs display high amino acid conservation, whereas more evolutionarily distant vertebrates maintain the catalytic CXXC reductase motif ( Fig. 2A ). There are five conserved cysteines in mammals, suggesting that these cysteines may have evolved to serve important cellular functions. Trx1 selectively reduces disulfide bonds within target proteins using the free thiols of Cys32 and Cys35, resulting in the formation of a disulfide bond between these cysteines. The Trx1 Cys32-Cys35 disulfide bond is resolved to free thiols using reducing equivalents derived from NADPH and TrxR (216) , a homodimeric selenoprotein that uses flavin adenine dinucleotide as cofactor ( Fig. 1) (253) . Although the role of Cys32 and Cys35 in the reduction of protein disulfides is well understood (107, 108) , there is a growing awareness of their FIG. 1. The thioredoxin (Trx) reductive system. The electron source of the Trx reductive system is nicotinamide adenine dinucleotide phosphate (NADPH), which is largely produced by the pentose phosphate pathway. Oxidized Trx1 (Trx1-S 2 ) is directly reduced by the homodimeric selenoprotein Trx reductase (TrxR). Electrons are transferred from NADPH to TrxR via its cofactor flavin adenine dinucleotide (FAD). Reduced Trx1 (Trx1-(SH) 2 ) catalyzes disulfide bond reduction in many proteins, including antioxidants such as the peroxiredoxins (Prxs). Adapted from Ref. (110) with permission.
importance in the denitrosylation of S-nitrosylated proteins (SNO-proteins) (21, 71) and in the reduction of sulfenic acids back to cysteine thiols within peptides (125) .
Although Trx1 will be the focus of discussion in this review, we briefly discuss the current understanding of other proteins that contain the CXXC reductive motif (Fig. 2B) , collectively known as the Trx superfamily (Table 1) . This family contains a common Trx fold structure consisting of a multistranded b-sheet surrounded by three to four a-helices, with the CXXC catalytic motif projected at the end of one helix (142, 169) . Although Trx superfamily members all possess disulfide reductase activity, their target specificities do not always overlap, and consequently they modulate the redox status of a diverse group of target proteins involved in various physiological processes. They have heterogeneous protein structures enabling a wide range of reduction potentials, for example, the reduction potential of Trx1 is -270 mV, whereas that of glutaredoxin 1 (Grx1) is -230 mV, and that of protein disulfide isomerase (PDI) is -175 mV (35) , and perhaps different target recognition domains. Amino acids proximal to the CXXC catalytic site and the identity of the XX residues appear to be critical determinants of substrate specificity (68, 198) . For example, Glu80 in thiol-disulfide oxidoreductase ResA, an extracytoplasmic Trx from Bacillus subtilis, plays a key role in controlling substrate binding and the acid-base properties of its active site Cys74 and Cys77 (142) . Substitution of Pro34 in the Escherichia coli Trx catalytic site (WCGPC) with His, to mimic the active sites (WCGHC) of PDI, resulted in a mutant Trx with increased redox potential (130) . Additional factors such as catalytic site cysteine pKa and nucleophilicity, cellular expression, subcellular localization, protein-protein interactions, and multiprotein complex formation may contribute to the determination of disulfide reductase specificities (36) . For example, Trx2 facilitates the scavenging of oxidants in mitochondria, where it resides, and has been shown to be involved in apoptosis signaling (265) , whereas PDI and other Trx-like endoplasmic reticulum residents are guardians of proper protein folding (97) . Additional Trx-like molecules that are either localized specifically within the nucleus or the plasma membrane have been discovered (97) . Localized expression of Trx-related molecules suggests that different redox pathways may function in a more compartmentalized fashion for modulating specific signal transduction pathways.
FIG. 2. Evolutionary conservation of Trx1 and comparison with Trx2. (A)
Vertebrate Trx1 sequence alignments and post-translational modifications (PTMs). Alignment (CLUSTALW 2.0.12) of mouse (Mm; P10639), rat (Rn; P11232), human (Hs; P10599), chicken (Gg; P08629), and zebra fish (Dr; Q6DGI6) protein sequences obtained from NCBI. Sequence homology (*) and conserved (:) or semiconserved (.) substitutions are indicated. Reported PTMs at specific residues for mammalian Trx1 are denoted. Conserved vertebrate Cys are boxed. Cys32 and 35 (numbered as in the human sequence) define the CXXC motif and are essential to reductase and denitrosylating activities (108, 109, 238) ; Tyr49 is a reported nitration site (256) ; an intramolecular disulfide bond can be formed between Cys62 and 69 (96) . Both Cys62 and 69 are also sites of S-nitrosylation (88, 255, 269) . Cys73 is a multimodification site, reportedly undergoing nitrosylation (184, 267, 273) , glutathionylation (37) , dimerization (269) or 4-hydroxy-2-nonenal modification (82) . (B) Alignment of human Trx1 with rat (P97615), mouse (P97493), and human (Q99757) Trx2. Of the conserved Trx1 cysteines (boxed), only the reductive site cysteines are present in Trx2.
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B. PTMs of Trx1
The various biological functions of Trx1 may be modulated in part by the different PTMs of Trx1 ( Fig. 2A) , including nitrosylation (88, 92, 184) , glutathionylation (37) , dimerization (269) , and intramolecular disulfide formation (96) . The Cys32 and Cys35-mediated reduction of protein disulfides appears to be regulated by the redox state of other cysteines of Trx1 (80) . Additional regulatory functions, independent of Trx1 catalysis of disulfide reduction, for example, modulation of protein transnitrosylation (185) and denitrosylation (21) , are associated with Cys62, Cys69, and Cys73, which are largely conserved in mammalian Trx1 but absent from other members of the Trx family, such as Trx2 (Fig. 2B) (88) .
4-Hydroxy-2-nonenal (HNE) and other reactive aldehydes that arise from lipid peroxidation and metabolism are notoriously reactive and toxic molecules that covalently modify a vast variety of proteins and DNA and cause dysregulation of their functions (64) . Two vital components of the E. coli Trx reduction system, TrxR and Trx1, are both susceptible to irreversible HNE modification, leading to inactivation of the Trx1 disulfide reductase function (64) . Fang and Holmgren reported that HNE modifies E. coli Trx primarily at the reductase catalytic sites of Cys32/Cys35. By comparison, since mammalian and bacterial Trx are structurally different, Go and coworkers found that HNE and acrolein, another reactive aldehyde, modify mammalian Trx1 primarily at Cys73 (82) . Modification at Cys73 inhibited Trx1 disulfide reductase activity and, further, HNE-modified Trx1 appeared to inhibit TrxR activity (82) .
Nitration is an irreversible modification of proteins that occurs primarily on tyrosine residues (116) . Human Trx1 contains only one tyrosine: residue 49. Nitration of Tyr49 by peroxynitrite appeared to abolish the disulfide reductive and antiapoptotic activities of Trx1 (256) . Nitrated Trx1 is increased after ischemia/reperfusion damage in aging heart, but accelerating the decomposition of peroxynitrite alleviates nitrative inhibition of Trx1, and restores the cardioprotective function of Trx1 (280) . Cys62 and Cys69 in Trx1 have been reported to form a disulfide bond in a highly oxidizing environment (96, 268) . Whether this PTM is formed under physiological conditions in vivo and its possible function are currently unknown. However, in vitro, the formation of Cys62 and Cys69 disulfide appears to inhibit the reduction of Cys32 and Cys35 disulfide by TrxR (96, 268) , suggesting a possible mechanism for the overoxidation-induced inactivation of Trx1.
S-nitrosylation of Trx1 has been shown to occur on Cys62, 69, or 73 (88, 96, 184, 267, 269) , under different experimental conditions. S-nitrosylated Trx1 (SNO-Trx1) appears to have anti-apoptotic properties (88, 185, 273) that are independent of its disulfide reductase activity, or proapoptotic activity correlated with the activation of apoptosis signal-regulating kinase 1 (ASK1) (249) . SNO-Trx1 appears to have diminished disulfide reductase activity compared with unmodified Trx1 (96) . Recently, we have established that only the reductase inactive Cys32-Cys35 disulfide form of Trx1 can be nitrosylated (273) . We discuss Trx1 S-nitrosylation in detail in Section VI.
Glutathionylation of human Trx1 has been reported at Cys72 (equivalent to Cys73 in Fig. 2A ) (37) , Cys60 of chloroplast Trx f (180) , and Cys68 of Trypanosoma brucei Trx (177) . Although glutathionylation of the catalytic cysteines within the Trx CXXC motif has not been reported, this PTM appears to inactivate Trx1 as a disulfide reductase (37) . Glutathionylation is considered to be a reversible switch for the functional regulation of Trx1 and serves as a possible nexus between the glutathione (GSH) and Trx protein reductive systems (37) . Nitrosoglutathione (GSNO) derived from GSH can preferentially glutathionylate or nitrosylate target proteins (186) . For example, GSNO treatment of phosphorylase b produced only S-nitrosylated forms of the protein (120) , but in the same study, GSNO treatment of either crude rat liver extract (containing carbonic anhydrase III) or E. coli extract (overexpressing H-Ras) resulted in both S-nitrosylated and Sglutathionylated forms of carbonic anhydrase and H-Ras. We found that GSNO treatment of Trx1 produced mostly SNOTrx1 (273) . Mohr and colleagues hypothesize that GSNO can induce S-nitrosylation or S-glutathionylation according to the nucleophilicity of the target cysteines residues (186) . Further, it is suggested that certain S-nitrosylated cysteine (SNO-Cys) sites may serve as precursors for S-glutathionylation (78, 181) .
III. Trx Regulation of Target Proteins by Disulfide Bond Reduction
Trx1 is involved in many different aspects of cellular function, and can regulate at the level of transcription, translation, protein-protein interactions, and PTMs of proteins. Trx1 is best known as a hydrogen donor for ribonucleotide reductase; it therefore plays an essential role in reducing nucleotides to deoxynucleotides during the synthesis of DNA (8, 12) . Further, an 80 amino acid N-terminal truncated form of Trx1 is secreted from a few cell types by unknown mechanisms (235) , is present in plasma, and is involved in the growth of lymphocytes and cancer cells (216) . Interestingly, Cys32 and Cy35 within the disulfide reduction site of Trx1 are required in promoting cell growth (77) . However, the most widely studied biochemical role of Trx1 is the reduction of protein disulfides, cysteine sulfenic acids, and nitrosothiols.
A. Trx regulation of cellular redox balance
The Trx and Grx systems are the two most versatile systems for facilitating peroxide detoxification and disulfide reduction in cells [for reviews see Refs. (109, 146, 225) ]. The Grx system is comprised of NADPH, glutathione reductase, Grx1, and GSH, a cysteine-containing tripeptide that supplies the reducing equivalent to Grx1 allowing it to reduce protein disulfides. Their complementary activities are important for the maintenance of thiol homeostasis and redox potentials in cells. They are also antioxidant proteins that can neutralize cellular oxidants by supplying the reducing equivalents derived from NADPH to peroxidases (79, 146, 155) . Although there is a large degree of overlap among proteins whose cysteines are reduced by the Trx or Grx systems, there is evidence that some target sites are more effectively reduced by one system (225, 262) , suggesting that under in vivo conditions, a selective mechanism operates for the removal of disulfides and possibly other oxidative PTMs. Trx1 is able to aid the Prx family of peroxidases in the reduction of hydrogen and lipid peroxides (76) . Human Prx1 is a two-cysteine Prx that converts its peroxidatic Cys52-SH (C P ) to C P -SOH during the peroxidation reaction ( Fig. 3A) (91) . Its cycle between C P -SOH and C P -SH involves the formation of a disulfide bond between C P and a resolving Cys173 (C R ) on another Prx1 peptide chain. The disulfide-linked peptides can be reduced by Trx1. In the absence of reduction by Trx1, C P can become overoxidized to C P -SO 2 H, which may be repaired by sulfiredoxin (1), an adenosine triphosphate (ATP)-dependent enzyme (Fig. 3B) . However, overoxidation to Prx1-C P -SO 3 H results in the inactivation of Prx1 as a peroxidase, which is widely believed to be irreversible (275) . In addition to reducing the C P -C R disulfide linkage of the Prx1 homodimer, it has been reported that the Trx system can reduce the sulfenic acid intermediate of oxidized mammalian methionine sulfoxide reductase B, which lacks a resolving Cys, and can interact with, and be directly reduced by Trx1 (125) . Therefore, the conventional notion is that Trx1 can protect its target proteins via Cys32 and Cys35-mediated reduction, as long as these catalytic site cysteines can be regenerated by TrxR, with the reducing equivalents derived from NADPH. When the Trx system is overextended during prolonged cellular exposure to oxidative stress or a lack of NADPH production from cellular metabolism, Trx1's ability to protect target proteins is hindered. More recently, recognition of Trx1's ability to regulate additional protein PTMs suggest alternative functions that are independent of its disulfide reductase activity; these are discussed later.
B. Trx regulation of signal transduction and transcription
It is well established that terminal oxidative modification of amino acids is a means of tagging proteins for degradation after prolonged oxidative stress in cells and tissues (44) . By comparison, reversible oxidative modification of amino acids has increasingly been recognized as an essential means for regulating protein function (54, 73, 78, 181) . Such PTMs may serve as a functional switch, for example, by regulating protein structure in response to cellular stimuli. Therefore, it is important to identify both the proteins that are regulated by redox modifications and the enzymes that regulate such dynamic modifications. Cysteine is among the most studied of redox modified amino acids. The unique electrochemical properties of cysteine thiol render it susceptible to covalent modification by a diverse array of ROS and reactive nitrogen species (RNS). Oxidative covalent modification can regulate an enzyme's function by either affecting its catalytic or allosteric cysteines (185, 226) . The selectivity of oxidative PTMs is largely dependent upon the local pH and pKa of a cysteine, dictated by the subdomain or microenvironment that a cysteine resides in. However, there are examples of selective oxidative cysteine modification occurring after specific protein-protein interactions, such as transnitrosylation from (I) Prx1 reduces peroxides at the expense of converting its peroxidatic cysteine thiol (S P H) into Prx1-S p OH, which can then form an intermolecular disulfide bond with the resolving cysteine (S R H) of another Prx1 molecule to form a covalent dimer (II). This dimer can then be reduced back to its active form by the Trx1/TrxR system (III). (B) Overoxidation and sulfiredoxin (Srx) repair cycle. Prx1-S p OH can be further oxidized to Prx1-S p O 2 H (IV), which can either be repaired by Srx (V) or terminally oxidized to Prx1-S p O 3 H (VI), resulting in inactivation of its peroxidase activity. Adapted from Ref. (273) with permission.
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one protein nitrosothiol to another; this topic is discussed in depth in the latter part of this review.
Increasing numbers of signal transduction regulators are potentially regulated by Trx1-mediated disulfide reduction (Supplementary Table S1 ; Supplementary Data are available online at www.liebertonline.com/ars), underscoring the important role of Trx1 as a regulatory molecule. For example, protein tyrosine phosphatases contain a HC(X) 5 R motif in their active site, in which the pKa of Cys is uncharacteristically acidic (41) . Such a property renders this family of phosphatases prone to the formation of reactive thiolate ions at the cysteine, which can be reduced by Trx1. For example, phosphatase and tensin homolog (PTEN) is a tumor suppressor that negatively regulates the survival and proliferation of cells via the phosphoinositide 3-kinase-AKT pathway (138). Lee et al. reported a H 2 O 2 oxidation-dependent inhibition of PTEN that occurs via an intramolecular disulfide bond between Cys71 and the active site cysteine, Cys124 (138) . This disulfide bond can be reduced more efficiently by the Trx system than by the Grx system. Conversely, the phosphatase activity of PTEN is greatly suppressed on formation of an intermolecular disulfide bond linking Cys212 of the PTEN C2 domain and Cys32 of Trx1 (179) . Cdc25 phosphatase is another redoxsensitive phosphatase whose catalytic site Cys473 is susceptible to oxidative transformation to sulfenic acid, and disulfide bond coupling to a vicinal Cys426. Disulfide bond formation prevents Cys473 from being oxidized to more refractory forms such as sulfinic or sulfonic acids (242) . It has been reported that this intramolecular disulfide bond can be more readily reduced by the Trx system than by other reductants, including dithiothreitol (DTT) or GSH (242) , suggesting that the Trx system plays a very significant role in regulating the function of this phosphatase.
Trx1 modulates the nucleic acid binding and cellular localization properties of several transcription factors and regulators by maintaining the thiol form of cysteines within these oxidatively labile proteins. These include the hypoxia inducible factor (HIF)-1a (58), nuclear factor jB (NF-jB) (172) , and histone deacetylase (HDAC) 4 (3). For example, Trx1 enhances the DNA binding activity of NF-jB and its consequent regulation of transcription (263) . Qin et al. characterized the binding of the Trx1 catalytic domain to the NF-jB peptide fragment 56 FRFRYVCEGPSHG 68 by high-resolution nuclear magnetic resonance (217) . They reported that the binding was stabilized by a wide range of noncovalent interactions, including hydrogen bonding, and electrostatic and hydrophobic interactions, surrounding either the Trx1 catalytic site or the target NF-jB Cys62.
The disulfide status of Trx1 and its reduction target are important for the regulation of dynamic protein-protein interactions and the functioning of the signaling molecule involved. As a classic example, the reduced form of Trx1 binds to the N-terminal of ASK1, a stress activated mitogenactivated protein kinase kinase kinase, thereby preventing its activation of apoptosis (226) . However, under increasingly oxidizing conditions, Trx1 becomes oxidized and loses its ability to form a mixed disulfide and facilitate this proteinprotein interaction, resulting in activation of the ASK1 apoptotic signaling pathway (189, 226, 281) . In addition to directing protein-protein interactions, Trx1 can regulate signal transduction pathways as part of multiprotein complexes; an example is the HDAC protein complex described below.
C. Trx function at the system level Several Trx1-modulated pathways may converge and work in concert to achieve a particular biological outcome. For example, we have recently demonstrated that regulation of HDAC4 by Trx1 is important for protection against cardiac hypertrophy (3) (Fig. 4) . Within the cardiovascular system, many stress-induced tissue-remodeling events are mediated via the shuttling of class II HDACs, including HDAC4, between the cytosol and the nucleus. In the nucleus, class II HDACs suppress the effects of two master positive regulators of cardiac hypertrophy, nuclear factor of activated T cell, and myocyte enhancer factor 2 (13) . Phosphorylation of class II HDACs at specific serines after hypertrophic stimulation results in their export from the nucleus and an attenuation of their transcriptional suppression (176) . Studies of HDAC4 mutants indicate that formation of a Cys667-Cys669 disulfide bond by hypertrophic stimuli is an alternate mode of HDAC4 nuclear export, possibly by unmasking the HDAC4 nuclear export signal to exportin 1 (3). We recently employed a transgenic mouse model overexpressing Trx1 to deduce a redox-dependent mechanism for regulating the cellular localization of HDAC4 (3) (Fig. 4) . We found that Trx1 induces the expression of a protein chaperone, DnaJb5, which is able to form a complex with Trx1 via thioredoxin-interacting protein (TXNIP, also known as TBP-2). TXNIP is known to inhibit the redox activity of Trx1 (197) , but we found Trx1 activity to be preserved when in complex with DnaJb5, and to reduce an intramolecular disulfide bond between DnaJb5 Cys274 and WU ET AL.
Cys276 (3). In its reduced state, DnaJb5, in complex with TXNIP and Trx1, can stably associate with cytoplasmic HDAC4, facilitating the Trx1 mediated-reduction of the HDAC4 intramolecular disulfide bond between Cys667 and Cys669. HDAC4 is then imported back into the nucleus possibly as a component of this complex, and enabled by the interaction of TXNIP with importin a 1 (Fig. 4) . Thus, the free thiol status of Cys32 and Cys35 in the catalytic site of Trx1 is crucial for promoting the nuclear translocation of HDAC4 during cardiac stress and for facilitation of its subsequent antihypertrophic gene expression events. Further mutational analysis of HDAC4 also revealed that its redox-mediated translocation acts independently of, and may even override, its phosphorylation status (3).
In addition to HDAC4, we have recently reported the discovery of over 50 putative Trx1 reduction targets in mouse heart (75) , suggesting that Trx1 coordinates a series of protein networks, including proteins found in sugar and lipid metabolism, the mitochondrial permeability transition pore (MPTP) complex, and myofibrils that are crucial for the maintenance of cardiac function during stress (75) . Specifically, we found that Trx1 reduces several key metabolic proteins involved in regulating glycolysis, b-oxidation, the tricarboxylic acid cycle, and oxidative phosphorylation, likely ensuring sufficient production of ATP for muscle contraction and other energy-consuming functions. Trx1 also regulates the MPTP, the creatine-phosphocreatine energy shuttle, and the malate-aspartate shuttle for both metabolite and ATP transport among coordinated protein networks, ensuring the uninterrupted delivery of high energy phosphates to heart muscle cells. Trx1 also appeared to reduce a large number of myofibril components and modulates redox regulator/chaperone proteins such as DnaJA2, DnaJA3, HIF-1a, heat shock 27 kDa protein 7, Prx5, DJ-1, and Grx-related protein 5, coordinating the cellular antistress response. Overall, it appears that Trx1 could regulate molecular pathways at the cellular or systems level to achieve specific biological outcome.
D. Protein oxidation and Trx reduction specificity and mechanism
Reversible oxidative modifications of protein thiols may serve as redox sensors and signal transducers for conveying cellular antistress and/or antiapoptotic responses. Redox-sensitive cysteines usually possess acidic pKa's and are likely to deprotonate under physiological pH, rendering them susceptible to oxidant modification. However, the pKa of a cysteine is influenced by the proximity and identity of surrounding amino acids and other molecules, such as metal ions; hence, not all cysteines are equally susceptible to oxidation (74) . Many redox active cysteines lie within conserved motifs, for example, the CXXC oxidoreductase motif and metal-coordinating cysteines in iron-sulfur clusters, but the mechanisms that determine cysteine oxidation specificity are still not well understood. It is likely that the degree of oxidation is determined by the chemical reactivity of each ROS and their spatial and temporal distribution as governed by the metabolic dynamics within cells and tissues [for review see Ref. (51)]. Further, the regulated release of ROS by enzymatic mechanisms, including the action of NADPH oxidases on a time scale of minutes, supports the relevance of oxidative modification in signal transduction (228) .
In order for reversible oxidative PTMs to truly act as a means to regulate protein function, similar to that of phosphorylation, oxidoreductase enzymes need to facilitate the specific and timely removal of the oxidative PTM. It is well known that Trx1 does not reduce all protein disulfides in vivo, indicating that a complex degree of specificity may be required before Trx1 can recognize its target protein's disulfide bonds (106) . For example, only one disulfide bond between Cys392 and Cys438 of human serum albumin (HSA) is specifically reduced by the Trx system, possibly enabling HSA to act as a blood antioxidant (38) . Trx1 is an efficient disulfide reductase: human Trx1 has been shown to reduce mouse ribonucleotide reductase at a rate of 2 · 10 5 M -1 s -1 (12) , and Drosophila Trx can reduce a GSH peroxidase at a rate of 1.5 · 10 6 M -1 s -1 (157) . Trx is at least 10 4 more efficient than DTT at reducing a chloroplast H + -ATPase (234), suggesting that specific three-dimensional protein-protein interaction and catalytic dithiol orientation is essential for determining Trx target specificity. Both the primary sequence and threedimensional structures of Trx superfamily members can differ, leading to differences in the binding configuration between their catalytic domain and the disulfide domain of their target proteins. The exact mechanism that determines Trx1 recognition and reduction of specific disulfides within select target proteins is unknown. Based on single-molecule atomic force microscopy, Wiita et al. found that Trx catalyzes disulfide reduction via altering the geometry of target disulfides by either reorientation of and shortening of the disulfide, or elongating the disulfide (271) . Evolutionary forces may play a role in determining the differences in Trx disulfide reduction specificity and mechanism. Perez-Jimenez et al. have shown that eukaryotic Trxs catalyze disulfide reduction through a single-electron transfer mechanism, whereas bacterial Trxs utilize both S N 2 nucleophilic and single-electron transfer mechanisms (213) . In addition, they suggested that the depth of the hydrophobic Trx substrate binding groove may contribute to differences in substrate binding and catalysis; a deepened binding groove in eukaryotic Trxs may contribute to its increased substrate binding specificity compared to bacterial Trxs.
Although a large number of plant Trx reduction targets have been identified using proteomic approaches (16, 90, 272, 276) , a relatively small number of mammalian proteins has been identified as targets of Trx1 reduction. Among the putative Trx1 reduction targets identified (Supplementary Table  S1 ), a consensus reduction motif has not yet been unequivocally established. Recently, we conducted a proteomics screen for Trx1 reduction targets in a mouse model overexpressing Trx1 in heart, and identified numerous candidate proteins (75) . Bioinformatics analysis has enabled us to identify several CXXC motifs surrounding Trx1-sensitive cysteines that are reminiscent of the Trx catalytic site. However, only a relatively small number of target proteins contain these motifs (75) . With more sensitive proteomics techniques, a larger number of Trx1 reduction targets can be discovered in different cells and tissues to facilitate the discovery of the precise molecular basis for determining Trx1 reduction specificity.
IV. Proteomics Approaches for the Identification of Trx Reduction Targets
A. Strategies
The proteomics strategies for the identification of Trx1 target proteins involve both qualitative and quantitative TRX1-MEDIATED REDOX PTMsidentification of changes among proteins whose cysteine thiol status is altered as the result of Trx1 expression or activation under different cellular contexts. In its basic form, one can obtain answers on whether a particular protein, or group of proteins isolated from a subcellular organelle contain oxidized cysteines that are amenable to Trx1-mediated reduction. More complex questions, such as to what degree is the oxidative modification reversible and the identity of the modification sites can also be addressed. Since cysteine thiols are highly reactive, they are not usually analyzed directly from total cellular protein extracts; typically, they are alkylated by covalent conjugation to iodoacetamide (IAM), Nethylmaleimide, methylmethanethiosulfonate (MMTS), or others, to block thiol reactivity toward other oxidants during sample handling and for the purposes of tracking and quantifying redox sensitive-proteins and peptides. Protein alkylation at the earliest step of protein extraction and isolation will prevent experimental artifacts such as thiol/disulfide exchange and artificial oxidation (94) . As an alternative approach to the direct analysis of protein thiols, re ducing reagents such as DTT, mercaptoethanol or tris(2-carboxyethyl)phosphine, can be used to reduce oxidized cysteines, subsequent to the irreversible alkylation of total cellular free thiols. After the reduction of disulfide bonds, newly freed thiols can be labeled by a different set of alkylating reagents to quantify changes of cysteines engaged in disulfides or other oxidized forms under different cellular contexts. These strategies can be implemented to identify Trx1 reduction targets with at least two specific proteomics goals. The first goal is to identify those proteins whose cysteine free thiol levels are elevated in systems in which Trx1 is either activated or overexpressed, compared to systems in which Trx1 is inactive (e.g., due to TrxR inhibition or TXNIP binding), downregulated (e.g., siRNA knockdown) or in which there is a dominant negative Trx1 mutant (e.g., Trx1
C32S/C35S ) expression. The second goal is to identify those proteins whose levels of disulfide bonds are decreased within similar comparative schemes. Following the strategies above, the proteins isolated will need to be identified by different types of proteomics techniques for the identification of proteins sensitive to Trx1 reduction, mapping the responsive cysteine(s), and possibly quantifying the degree of Trx1 reduction in different biological scenarios. The proteomics techniques that are commonly used for the identification of Trx1 reduction targets include gel-based, MS-based, and targeted approaches (Fig. 5A) .
B. Gel-based proteomics approaches
A gel-based proteomics approach represents the most direct way to identify proteins whose cysteine thiol status changes as the result of Trx1 activation or downregulation. No attempts are undertaken to enrich affected proteins away from the bulk unaffected cellular proteins. Several gel-based techniques have been developed to identify redox-sensitive cysteines within proteins (19, 62, 126, 278) . Among them diagonal electrophoresis (29) is designed to identify mainly disulfide-bond linked proteins based on the unique gel migration patterns of proteins with intra-and inter-molecular disulfide bonds (Fig. 5B ). This approach follows sequential nonreducing and reducing gel electrophoresis separations. With this method, the proteins are first separated via nonreducing gels, in which all the proteins and disulfide-linked protein complexes are separated roughly based on size. The gel lanes are then laid onto a second dimension sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel and the proteins are separated again, this time under reducing conditions. Disulfide-linked proteins will migrate to size regions that are lower than the parent covalent The targeted Trx1 mutant trapping approach is effective for isolating transient reduction complexes, but needs to be coupled (dotted arrows) with gel-based or MSbased methodologies to identify and even quantify targets. (B) Diagonal gel electrophoresis. To identify proteins that form intra-or intermolecular disulfide bonds, cytosolic proteins are sequentially resolved by nonreducing followed by reducing sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The resultant silver-stained gel reveals a prominent diagonal line, which represents the majority of proteins that do not form disulfide bonds. Proteins that form intermolecular disulfide bonds exhibit a slower electrophoretic mobility under nonreducing conditions in the first dimension and therefore appear as spots to the right of the diagonal line. Spots to the left of the diagonal line (in dotted oval) represent proteins that have a faster electrophoretic mobility under non-reducing conditions, possibly due to intramolecular disulfide bonding. Adapted from Ref. (50) with permission. (278) . At least 20 peanut seed proteins were found to be reduction targets of Trx1, and of the 5 identified, 1 is connected to seed maturation and 3 are known allergens, raising the possibility that Trx1 may influence seed germination and allergen activity. Diagonal electrophoresis may not be as effective for detecting intramolecular Trx reduction targets as the electrophoresis mobility differences between the disulfide and dithiol versions of the same protein are often slight (Fig. 5B ). Among other limitations of the diagonal electrophoresis approach are its limited resolution and detection sensitivity. In fact, few examples of its application on actual mammalian Trx1 reduction targets are present in the literature, and traditional isoelectric focusing coupled with SDS-PAGE may be complementary.
There are several other two-dimensional gel electrophoresis (2DE)-based methods for the identification of Trx1 reduction targets based on the employment of cysteine-specific fluorochromes for tracking changes in proteins whose cysteine free thiol levels are differentially regulated within complex protein mixtures (19, 62, 278) . This method can be configured to carry out multiplexed comparative experiments in a single gel to minimize the gel-to-gel variation commonly encountered during quantitative proteomics experiments. The saturation-labeling difference in gel electrophoresis (DIGE) method (GE Healthcare) employs a pair of fluorescent CyDyes to specifically label free thiols in multiple samples. For example, saturation Cy3 maleimide (Cy3m) and Cy5m fluorescent DIGE dyes can be conjugated efficiently via maleimide derivatives to free thiols from two different samples (274) . Mixtures (typically equal amounts) of labeled proteins can then be analyzed in the same gel and quantitative differences can be ascertained from the fluorescent images obtained using the different fluorescent spectral properties of each fluorophore. Using one dye as the internal standard within the DIGE experimental design enables accurate quantification comparisons across different gels. The saturation DIGE technique has been used to measure the redox status of proteins, including the detection of H 2 O 2 -sensitive proteins (74, 112) . With the DIGE approach, we detected over 1000 proteins and identified 26 unique proteins that were sensitive to oxidation by H 2 O 2 (74) . Among the proteins identified, several are represented by more than one 2DE gel spot. For example, malate dehydrogenase 2DE gel spots were shifted to more acidic forms as a result of H 2 O 2 treatment, indicating the possible occurrence of acidic PTMs such as the oxidation of cysteine thiols to sulfenic, sulfinic, or sulfonic acids (74) . DIGE methods can be implemented to identify Trx1 reduction targets in two independent, yet related, fashions. For the forward labeling approach, control protein thiols can be labeled using Cy3m as the internal standard, whereas Trx1-upregulated or -downregulated cell proteins can be labeled using Cy5m. Cy5m-labeled proteins from Trx1-upregulated systems will contain more cysteine thiols than the Cy3m-labeled control proteins. As all cysteine thiol levels are compared with those of control proteins; it is possible to compare multiple samples thereby enhancing the capabilities and confidence of the statistical analysis. For example, the relative thiol levels in three protein extracts from Trx1-upregulated cells can be compared with three Trx1-downregulated cells, when calibrated against the same control cell extracts. An alternative reverse DIGE-labeling approach will first block all the free cysteine thiols using alkylating reagent such as IAM. The disulfides are then reduced with DTT, and the newly freed cysteine thiols can then be conjugated covalently to the Cy3m or Cy5m reagents. With this method one can reveal complementary changes of cysteines engaged in disulfide bonds. It is anticipated that fewer disulfide-linked cysteines will be present in Trx1-upregulated systems, whereas the opposite is true for Trx1-downregulated systems. However, it is worth being cautious when interpretating 2DE data. Proteins are typically resolved in 2DE according to their charge and size, and many proteins are present in a typical gel as several 2DE spots (in part due to the oxidation of cysteine thiols to sulfenic, sulfinic, or sulfonic acid forms). A change in the intensity of a protein spot correlates only with a particular form of the protein or with its redox modification status, and should not be generalized to apply to the overall redox level or activity of this protein. The DIGE technique has been widely applied for redox proteomics studies (74) , but its relatively high cost and inefficiency at detecting low abundant proteins limits its use for the identification of Trx1 reduction targets, especially under in vivo conditions.
C. MS-based proteomics approaches
Although Trx1-sensitive proteins can be identified using the gel-based approaches described above, these approaches do not usually provide information regarding either the degree or the specific sites of Trx1 reduction. In addition, even though gel-based methods have proven to be effective in identifying redox-sensitive cysteine-containing proteins and their modified protein isoforms, detection sensitivity is typically less than that of the gel-free MS-based shotgun approaches. Therefore, the focal point of proteomics has gradually migrated toward a gel-free MS-based approach, including redox proteomics. The most common workflow for MS-based analysis of redox-sensitive or modified peptides uses stable isotope labeling of proteins, followed by protease digestion (typically trypsin) and identification and quantification of labeled peptides by liquid chromatography separation followed by tandem mass spectrometry analysis (LC/ MS/MS; Fig. 6 ). Changes in the protein levels can then be inferred from the peptide quantification data. Stable-isotope containing reagents and methods, including isotope-coded affinity tags (ICAT) (212) , stable isotope labeling by amino acids in cell culture (SILAC) (202) and isobaric tags for relative and absolute quantification (iTRAQ) (222) , can be used to quantify specific cysteine modifications within protein targets
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of Trx1-mediated reduction (Figs. 7 and 8). We now discuss the application of these techniques. For the identification of Trx1 reduction targets, cysteinecontaining peptides are typically separated from other peptides using affinity techniques. For example, Aebersold and colleagues have developed the ICAT technique for the multiplexing proteomics quantification of proteins using stable isotope labeling of cysteines (Fig. 7A, B) (87) . Cysteine-containing peptides are enriched, quantified, and identified on the mass spectrometer, resulting in more reliable and sensitive protein quantification than 2DE (87) . Each ICAT reagent consists of a thiol-reactive group, an isotope-coded light or heavy linker, an acid linker and a biotin segment to facilitate the capture of cysteine-containing peptides by avidin affinity beads (Fig. 7A) . First, the cysteine reactive head group uses the IAM moiety to react covalently with free thiols in the protein. Second, an isotope-coded segment contains nine different C 12 (light) or C 13 (heavy) carbons for the relative quantification of proteins using MS. Third, the acid-cleavable linker enables the shredding of the reagent after avidin affinity enrichment of ICAT-labeled peptides, resulting in more effective MS/MS fragmentation patterns for both sequence containing an intramolecular Cys32 and Cys35 disulfide bond. The doubly charged peptide ion of m/z 811.86 could be detected (inset). An intramolecular disulfide bond between Cys32 and Cys35 was also detected by analyzing the MS/MS spectrum of the peptide. C-terminal fragments y5 to y13 revealed a mass reduction of 2 amu from the fully reduced sequence, suggesting a disulfide bond was formed between Cys32 and Cys35. Reprinted from Ref. (267) 18 ) are differentially incorporated at the reporter region, resulting in reporter groups with masses of 114, 115, 116 or 117, which can be detected using MS/MS. The quantification of peptides is determined by the relative areas under these peaks in a MS/ MS spectrum. The reporter groups are linked to a balance group with a mass of 31, 30, 29 or 28 to complete the isobaric tags, all of which have the same mass addition of 145 onto an N-termini-or Lys-labeled peptide. The isobaric tags are conjugated to an amine specific reactive group (NHS) for covalent labeling of primary amines of peptide Ntermini and Lys side chains.
Reprinted from Ref. (222). (D)
An example spectrum of iTRAQ-labeled rat lysozyme 2 peptide 126 AWVAWQR 132 . The spectrum on the left demonstrates expression changes of this peptide among the four experimental conditions. The fragmentation pattern on the right permits sequencing of the peptide (T.L. unpublished data).
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identification and the localization of the reactive cysteine thiols. The fourth component of an ICAT reagent is a biotin derivative that is used for affinity enrichment of the ICATlabeled peptides, enhancing detection sensitivity and the specificity of the method. In contrast to the orthodox ICAT technique, designed for global protein expression analysis, for quantification of free cysteine thiol-containing peptides, no disulfide reduction step is performed before labeling with ICAT so that the native protein thiol redox states are preserved. For each redox ICAT experiment, the free cysteine thiols within the proteins are first labeled with either light or heavy versions of the ICAT reagents. Then, they are mixed together for reduction, alkylation, and proteolytic digestion. The disulfides can be reduced using DTT, and the resultant free thiols blocked using non-ICAT alkylating reagents, opening the peptide chains for proteolysis. After trypsin digestion, peptides are affinity-enriched to recover the biotinylated peptides and separated using several LC purification steps. The peptides are relatively quantified by comparing the LC elution profile of the ICAT-conjugated peptide ion signals obtained in a mass spectrometer (Fig. 7B , see example of quantification in inset). Then, differentially oxidized peptides are identified using MS/MS (Fig. 7B , see example MS/MS spectrum for peptide sequencing). Svensson and coworkers have successfully discovered over 100 in vitro Trx reduction targets in plants using the ICAT method (90) , producing the largest number of plant Trx-targeted proteins to date. Advantages of the ICAT technique include the ability to obtain the extent of redox change for each peptide and the simultaneous direct identification of the redox-reactive site. It is common to observe several peptides from the same protein with a different degree of susceptibility to oxidants or reduction by Trx. For example, with ICAT, we were able to identify 78 putative Trx1 reductive sites in 55 proteins from mouse heart, with their reduced cysteine content increasing by 20%-400% (Supplementary Table S1 ) (75) . These proteins belonged to different protein functional networks not previously implicated in Trx1 regulation, including the creatinephosphocreatine shuttle, the MPTP complex, and the cardiac contractile apparatus. It is conceivable that by coupling the ICAT method to reduction systems (e.g., Trx vs. Grx) with different reduction potentials toward differing cysteine thiol oxidative modifications, one could identify and quantify important PTM sites and determine the extent of disulfide reduction by each reductive system.
In addition to thiol-specific MS-based methods, other nonthiol MS-based methods may be used to obtain useful information for the identification of genuine Trx1 protein reduction targets. Changes in the level of ICAT-conjugated peptides can be the result of changes in the cysteine thiol status due to redox modulation or to changes in protein expression levels. It is therefore necessary to distinguish between Trx1-induced protein expression and Trx1-mediated protein reduction. To accomplish this, we may need to compare the degree of ICAT-peptide changes to the overall changes in protein level. ICAT is a cysteine-specific, isotopelabeling method that quantifies cysteine-free thiols at the MS level, whereas the iTRAQ method quantifies global protein expression. iTRAQ reagents are used for the isobaric peptide quantification of primary amines within peptides at the MS/ MS level (Fig. 7C, D) . Using the iTRAQ approach, up to eight samples can be digested by trypsin and labeled with one of eight different iTRAQ reagents, depending on the desired experimental design. The iTRAQ-labeled peptides are combined and subjected to either strong cation exchange fractionation or to isoelectric focusing separation. The resulting peptide fractions can be quantified and identified using LC/ MS/MS on either matrix-assisted laser desorption ionization or electrospray ionization tandem mass spectrometers. We have employed dual ICAT and iTRAQ strategies to detect an increase of specific cardiac protein thiols due to protein disulfide reduction, rather than a Trx1-mediated increase of gene/protein expression, in a transgenic mouse model overexpressing Trx1 (Fig. 8) . The ICAT redox analysis results were compared with the iTRAQ expression analysis, and 55 Trx1 reductive targets were found to increase their cysteine thiol levels in Trx1-expressing mouse hearts (Supplementary Table  S1 ) (75) .
ICAT methods can be configured for different experimental strategies. In a similar manner to that described for the DIGE method, forward and reverse labeling strategies can be applied to the ICAT approach. This allows the identification of increases in disulfide-linked cysteines in Trx1-downregulated systems. To compare relative protein oxidative states in two different cells or tissues, a modified ICAT procedure, OxI-CAT, was developed by the Jakob group for estimation of disulfide-formed cysteines within proteins in a single cell type, using light ICAT reagent to label free thiols and subsequently heavy ICAT reagent to label DTT-reducible cysteine thiols (141) .
In addition to iTRAQ, SILAC is another promising means of global protein expression analysis that can play a role in redox proteomics studies. With this method, stable heavy isotope-labeled amino acids, typically arginine and lysine, are substituted for their normal counterparts in cell culture. The heavy isotope amino acids are then incorporated into newly synthesized proteins in rapidly dividing cells. Heavy isotopelabeled proteins are typically mixed with unlabeled protein from normal cell culture, trypsin digested, and peptides containing heavy isotope at their C-terminus distinguished from unlabeled peptides by LC/MS/MS analysis. The relative MS ion abundance of SILAC-labeled and -unlabeled peptide approximates the relative abundance of corresponding protein in the two different cell cultures. This technique can easily be modified for redox proteomics. For example, a reductase can be inhibited in a SILAC-labeled culture; then, after combining with control cell extract, cysteine-containing proteins can be modified by a thiol-specific alkylating reagent. After tryptic digestion, the relative levels of thiol-containing peptides can be separated from other peptides, and hence the redox status of proteins between the two cell cultures can be measured by LC/MS/MS.
D. Targeted proteomics approaches
With global proteomics approaches, it is very difficult to identify low abundant Trx1 reduction targets, such as phosphatases and transcription factors, without their enrichment and separation from other cellular proteins. One of the most effective subproteomics approaches includes the expression of inducible Trx1 C35S mutant in cells whose endogenous Trx1 levels have been knocked down, thereby maximizing the chances of capturing low abundant Trx1 targeting signaling proteins (235) . The concept behind the mutant Trx1 affinity approach is based on an understanding of the reduction mechanism of Trx1. Cys32 of human Trx1 initiates attack on a disulfide-bonded cysteine to form a mixed disulfide, which transiently connects Trx1 covalently to one of the cysteines within its disulfide bond reduction target (122) . To resolve this reaction intermediate, Cys35 donates its reducing equivalent to the target protein cysteine and forms a disulfide bond with Cys32. Typically, this disulfide exchange reaction is very rapid, precluding the capture of the mixed disulfide intermediates for analysis by proteomics methods. Therefore, an TRX1-MEDIATED REDOX PTMsaffinity chromatography method has been developed using Trx1 C35S mutant as molecular bait to capture target proteins via the formation of an intermolecular disulfide-linked intermediate. These trapped Trx1 targets can be recovered by reductants such as DTT (15, 16, 187, 276 ). The resulting proteins can then be separated using either 2DE or LC/MS/MS techniques (Fig. 5A ). These approaches have successfully identified Trx1 reduction targets in mammalian systems (235) and in several nonmammalian species, including plants (164) and yeast (261) . However, the trapping technique has not been particularly effective for large scale identification of Trx1 targets in mammalian cells and tissues. Proteins that are trapped by this method are typically considered to contain disulfides, but Trx1 can also reduce cysteine sulfenic acids and nitrosylated residues, so the identity of the PTM should be verified (Fig. 6B, C) .
E. Strengths, limitations and complementarity
In principle, the mutant Trx1 affinity approach can be used to trap and facilitate the identification of low abundant Trx1 reduction targets by 2DE or LC/MS/MS. In practice, when in the presence of Trx1 targets of several orders of magnitude higher abundance, this approach often fails to detect trace amounts of transcription factors and signaling proteins. For example, when we attempted to isolate mutant Trx1-trapped targets in HeLa cells, only highly abundant Prx1 and HSP90 were detected by 1DE or 2DE coupled with LC/MS/MS, whereas lower abundant targets could only be detected by Western blotting (C.W., unpublished data). To overcome this technical problem, specific experimental designs are needed. For example, by expressing nuclear targeted mutant Trx1, more transcription factors may be enriched. Alternatively, similar to the success of disease proteomics biomarker discovery by immunodepletion of abundant serum proteins, immunodepletion of Prx variants and other highly abundant Trx1 targets from affinity captured proteins, should increase the representation of peptides from lower abundant targets. More promisingly, developments in high sensitivity LC/MS/ MS instrumentations will also likely contribute to the discovery of novel and dynamic Trx1 targets in cells and tissues.
In addition to their advantages over gel-based approaches, such as the precise mapping of modification sites, MS-based shotgun approaches (including ICAT) contain intrinsic limitations that need to be understood for correct interpretation of the experimental data. Homologous proteins often share identical sequences and domains, so when changes in protein thiol levels are quantified within a peptide, it is important to consider all proteins that contain the same sequence. At present, the precise identification of intra-and intermolecular disulfide bonds is rather labor-intensive, and is usually done in vitro using recombinant proteins. Not only does sequencing of disulfide linked peptides require MS/MS conditions that are different from those used in fragmenting nondisulfidelinked peptides (180) , but also advanced software tools are required for the accurate identification of disulfide-linked peptides (84) . Consequently, the global identification and quantification of intramolecular disulfide bonds is not widely reported.
Gel-and MS-based approaches each carry specific advantages and can generate complementary information in largescale redox proteomics experiments. We have recently used both the DIGE and ICAT methods to screen for heart proteins that are sensitive to H 2 O 2 oxidation, and we found that these two methods were complementary in terms of the number of low-abundance redox-sensitive proteins found (75) . Consequently, both methods should be employed in redox proteomics studies to comprehensively identify Trx1-sensitive proteins and their reactive cysteine residues.
V. Nitrosylation
Nitrosylation is the covalent addition of a nitric oxide (NO) moiety onto a cysteine thiol. It is a dynamic PTM for the regulation of protein functions (245) . NO, which is generated by nitric oxide synthases (NOSs), cannot nitrosylate cysteines directly (124, 246) . Instead, biological S-nitrosylation can take place by transnitrosylation, which involves the transfer of NO from mainly low-molecular-weight S-nitrosothiols (RSNOs), such as GSNO or S-nitrosocysteine (45), onto a cysteine thiol (72) . S-nitrosylation can also occur by reaction with RNS such as peroxynitrite (see below). Increasing numbers of proteins have been reported to be regulated by reversible nitrosylation, including the caspase family of cysteine proteases (144) . In addition, a wide array of cell surface receptors and their downstream targets and modulators are also modulated by nitrosylation (71) . It is apparent that transnitrosylation or denitrosylation (i.e., the removal of NO from SNO-proteins) are important regulatory mechanisms of normal physiology. Dysregulation of either transnitrosylation or denitrosylation leads to cellular dysfunction, especially in modulation of the immune system and inflammatory response, and in lung, cardiovascular, hormonal, and central nervous system functions (32, 33, 73, 161) . Recent studies have demonstrated that the Trx system may be involved in regulating the nitrosylation status of proteins in different systems (21, 184, 276) . We first provide an overview of protein nitrosylation followed by a discussion on the roles of Trx in mediating specific nitrosylation reactions as well as proteomics techniques for the identification of Trx1 transnitrosylation and denitrosylation targets.
A. S-Nitrosylation and signal transduction
One of the initial challenges in the field was to determine whether S-nitrosylation was more than a pathophysiological reflection of NO produced in excess (of nitrosative stress). Mounting evidence now supports S-nitrosylation as a PTM that has physiological relevance. The main receptor for NO is soluble guanylyl cyclase (sGC), which produces cyclic guanosine monophosphate (cGMP) on binding of NO to its heme (9), but to explain the plethora of functions exerted by NO, one has to consider mechanisms other than the production of cGMP. S-nitrosylation is now known to modulate the function of several proteins engaged in many signaling pathways. Well-described examples include the modulation of nuclear receptors, ligand-and voltage-gated ion channels, G-proteincoupled receptors (GPCR), caspases, and GTPases (such as Ras or dynamin) [for reviews see Refs. (73, 81, 149) ]. Modulation of transcription by S-nitrosylation can take place at several levels and involves a diversity of targets, including NF-jB (104, 168) , HIF-1a (143), HDAC2 (199) , and glyceraldehyde 3¢-phosphate dehydrogenase (GAPDH) (236) , among many others. Several components of the NO-cGMP signaling pathway are themselves modulated by S-nitrosylation, including arginase1 (which degrades the substrate of NOS) (227), endothelial NOS (eNOS) (218) , and sGC (see below). Other features that are shared between S-nitrosylation and signal transduction mechanisms include (a) the reversibility of the process, whether through changes in the redox state of the cells or through enzymatic trans-or denitrosylation by the Trx system, and (b) the specificity of cysteine S-nitrosylation in response to a stimulus, that is, an increase in NO production (54) .
S-nitrosylation modulates protein functions by several mechanisms, including induction of conformational change, which in turn can affect the binding of a ligand. For example, the N-methyl-D-aspartic acid (NMDA) receptor affects neuronal development, synaptic plasticity, and memory and has three pairs of cysteine residues that can be modified by NO and Zn 2 + (149). S-nitrosylation of Cys399 in the NMDA receptor, through Zn 2 + coordination of its regulatory domain, leads to a slower off-rate of glutamate thereby enhancing receptor binding (149) . S-nitrosylation can also modulate protein-protein interactions [as in the heat shock protein 90 (Hsp90)/eNOS and the glutamate receptor 2/N-ethylmaleimide-sensitive factor complexes (111, 170)], or promote cellular trafficking [as in GPCR internalization via the Snitrosylation of b-arrestin and dynamin (203, 266) ]. Snitrosylation can also directly affect the activity of an enzyme. The activity of sGC is stimulated several hundred-fold by the binding of NO to its heme prosthetic, resulting in increased production of cGMP (Fig. 9) . However, after prolonged or increased exposure to NO or RSNOs, the response of sGC to NO is decreased by more than 50% (230) . One of the cysteines involved in the desensitization (bCys122) is located in the heme domain of sGC. Structural modeling of the heme domain with bCys122-SNO predicted that S-nitrosylation creates steric hindrance that could destabilize the pocket (230) . The NO-cGMP pathway is involved in vasorelaxation, inhibition of platelet aggregation, and synaptic plasticity. Physiologically, S-nitrosylation of sGC could be one mechanism by which cGMP-dependent NO signaling is controlled and its specificity maintained. Pathophysiologically, an excess of NO can generate vascular resistance (constriction of blood vessels) and nitrate tolerance, that is, a loss of vascular reactivity after prolonged exposure to NO or nitroglycerin (Fig. 9) (230) . Interestingly, treatment with N-acetyl-cysteine, a precursor of GSH synthesis, can restore the hemodynamic state in patients that have developed nitrate tolerance (205) . And it is now thought that N-acetyl-cysteine can reverse S-nitrosylation of sGC (231) .
Specific protein nitrosylation targets susceptible to hyperor hypo-S-nitrosylation, such as caspases 1-9, Ras, HIF-1a, Xlinked inhibitor of apoptosis, NF-jB, p65, p53, Bcl-2, Prx2, and insulin receptor substrate 1, are directly implicated in various mammalian pathophysiologies (11, 25, 73, 114, 143, 159, 162, 174, 192) . For example, S-nitrosylated HIF-1a and Ras have been implicated in tumor radioresistance and maintenance, respectively (114, 143) . Under normoxic conditions, HIF-1a is regulated by the oxygen-dependent hydroxylation of its proline residues 402 and 564 by prolyl-4-hydroxylase (31, 59) . After exposure to radiation, S-nitrosylation of HIF-1a by inducible NOS (iNOS) at Cys533, located in its oxygen-dependent degradation domain, results in stabilization of HIF-1a in macrophages (143) . Interestingly, NOS inhibitors coupled with radiotherapy result in a synergistic reduction in tumor growth rates in mouse models of breast cancer (143) , and overexpression of iNOS in cancer tissues is correlated with a poor patient prognosis (57) . Taken together, these results indicate that HIF-1a is regulated by S-nitrosylation, and this regulation plays an important role in tumor radiosensitivity and tumor growth.
Overactivation of the Ras family of guanine nucleotide binding proteins often leads to oncogenesis and cancer, and Ras signaling events are intricately linked to PTMs, such as Sglutathionylation (2, 215) or S-nitrosylation, at Cys118. Phosphorylated eNOS can maintain tumor growth by activating Ras through S-nitrosylation at Cys118 (135, 147) . Indeed, AKT phosphorylation of eNOS at Ser1177 is required for tumor maintenance, as pharmacological inhibition of AKT signaling or the ectopic expression of eNOS S1177A mutant results in a decreased number of tumor cells (147). Overexpression of H-Ras C118S mutant or knocking down eNOS all result in a loss of H-Ras nitrosylation and related tumor maintenance (147) . Thus, AKT activation of eNOS promotes nitrosylation and activation of wild-type Ras proteins, thereby maintaining tumor growth.
B. Regulation of the specificity of nitrosylation
S-nitrosylation and denitrosylation can calibrate protein functions reversibly at specific cysteines. These processes are dynamic, site-specific, and spatially and temporally coupled with either extracellular or intracellular stimuli (54) . Mechanisms that determine the specificity of S-nitrosylation may include the availability of the types and levels of NO donors, the microenvironment of the protein thiols, the cellular redox environment, and the presence of transnitrosylases and denitrosylases.
As mentioned earlier, cysteines can be S-nitrosylated by RNS such as peroxynitrite (OONO -) or dinitrogen trioxide (N 2 O 3 ). Peroxynitrite is formed by reaction between superoxide (O 2 -), generated by activated macrophages, and NO, whereas reaction of peroxynitrite with NO may lead to the formation of N 2 O 3 (20, 204) . Recently, it was proposed that N 2 O 3 could also be generated from a nitrite reductase/anhydrase redox cycle of hemoglobin (18) . Additional in vivo nitrosylating agents have also been proposed; they include nitrosocomplexes of iron (259) (195) ; therefore, proteins that are nitrosylated by N 2 O 3 or other NO-related species are likely to be present at relatively high concentrations. Certain conditions might favor these reactions in vivo, such as chronic inflammation, which increases the production of NO (220) or proximity to an NO source. Indeed, the targets of S-nitrosylation are often engaged in a complex with the various NOS molecules (100). It is likely that proximity and/ or association with neuronal NOS is key to S-nitrosylation of the NMDA receptors and Ras-like G-protein Dexras1 (66) . Similarly, one can propose that S-nitrosylation of Hsp90, Hsp70, and sGC is facilitated by their association with eNOS (170, 230, 260) (60) . The same group also found that eNOS is S-nitrosylated at the plasma membrane caveolae, but upon agonist stimulation, translocates to internal membrane structures, becomes denitrosylated and activated, and presumably then facilitates S-nitrosylation of neighboring proteins (61) . Therefore, the compartmentalization of active NOS and specific target proteins into discrete subcellular organelles may represent a mechanism for determining S-nitrosylation specificity (134) .
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Within proteins prone to S-nitrosylation there are often numerous cysteine residues that are not nitrosylated. For example, among the many cysteines within hemoglobin b only Cys93 is specifically nitrosylated (223) . Recent work shows that nitrosylation can be tightly regulated and plays an important role in many cellular pathways. For example, NF-jB nitrosylation at Cys62 was reported to cause inhibition in NFjB-dependent DNA binding, promoter activity, and gene transcription (168, 172) . Intricate mechanisms appear to exist that determine the selectivity of nitrosylation, as exemplified by the ryanodine receptor (RyR)/calcium release channel, which is regulated by calcium-calmodulin-linked S-nitrosylation (6). Only 1 (Cys3635) out of 50 free cysteine residues are nitrosylated per RyR subunit of the skeletal muscle (252) . S-nitrosylation at Cys3635, or together with glutathionylation at different cysteines, appears to activate the RyR (102) . Other proteins may contain multiple cysteines that are nitrosylation targets. It was reported that the NMDA-receptor, which affects neuronal development, synaptic plasticity, and memory, contains five cysteines that can be modified by NO, and any one nitrosylation event reduces receptor activity (47, 149) .
Depending on the primary structure of the proteins, certain motifs may enhance the susceptibility of cysteines to nitrosylation. In several proteins, the proximity with basic and acidic residues was found to be associated with susceptibility to S-nitrosylation (136) . A putative pattern of amino acids flanking the nitrosylated cysteine (SNO-Cys) site was proposed: XYCZ (where X = G, S, T, C, Y, or N; Y = K, R, H, D, or E; and Z = D or E). However, as the number of known SNOCys sites quickly grew, successive studies demonstrated that the motif cannot rigorously describe the majority of reported SNO-Cys sites (85, 165) . Another attempt to generate a potential signature for S-nitrosylation, this time based on structural information, was made in the case of GSNO-mediated S-nitrosylation of hydrogen peroxide-inducible genes activator (OxyR) (100) . From modeling simulations, the authors proposed another signature pattern for S-nitrosylation, (H/K/R)(C)(hydrophobic)(X)(D/E), where X represents any amino acid. Among proteins possessing one of the variants represented by the (H/K/R)(C)(hydrophobic)(X)(D/E) pattern were the C-terminal cytoplasmic domain of the b-subunit of the olfactory cyclic nucleotide-gated channel (30) and methionine adenosyl transferase I/III (214) . However, a subsequent study conducted on a much larger set of proteins with SNO-Cys sites found that this pattern also did not define the majority of nitrosylation sites (165) . In some cases, while no acid/base motif flanking the target Cys was present in the sequence, a similar arrangement could be found at the protein tertiary structure level. In these cases, the modifiable Cys residue was spatially oriented between acidic and basic amino acids (95) , even in cases where these residues were far apart in the primary amino acid sequence.
The process of S-nitrosylation seems to exhibit a high degree of selectivity that may also be governed by proteinprotein interactions, or by specific interactions with small molecules acting as a transnitrosylating agent, such as GSNO (165, 166) . Experimental evidence of the influence of proteinprotein interactions on transnitrosylation has been provided for nitrosylation of Band3 by SNO-hemoglobin (244). Additionally, Chu et al. reported that nitrosylation reactions in the xenon pocket can be facilitated by protein structural rearrangements that actively direct the NO molecule from the donor to a specific cysteine residue within the acceptor protein (49) . In regard to the relationship between S-nitrosylation and protein-protein interactions, (a) the interaction can be a pre-requisite for specific transnitrosylation, as just discussed, but also (b) S-nitrosylation, by inducing a change in the electrostatic properties of the molecular surface, can affect the ability of the protein to interact with other protein partners. Recent theoretical studies indicate that nitrosylation induces a significant partial charge redistribution (92) . Moreover, this change can propagate to adjacent regions of the protein (165) . In this scenario, the recurrent presence of charged residues (acid and basic amino acids) in proximity to SNO-Cys can have an additional functional explanation, as they could transmit the electrostatic signal triggered by Cys modification, to an adjacent region of the molecular surface (165) . Given the long range effect of electrostatic modifications, this could be an elegant way to modulate protein activity by using a single signal (NO) and a single switch (Cys). However, this speculation on the role of acidic and basic residues in the NOdependent modulation of protein-protein interaction, though intriguing, needs further studies to be assessed on a larger scale.
Apart from overall protein structure changes, the process of nitrosylation is shaped by other factors, including the pH and the presence of metal ions such as Mg 2 + and Ca 2 + (222). These factors can facilitate nitrosylation by generating a microenvironment that could make the sulfhydryl more accessible to nitrosylating agents (63, 101) . Indeed, the microenvironment surrounding a Cys can play a significant role in modulating its reactivity and polarity, by means of electrostatic perturbation and H-bond formation that can lead to significant changes in (252) . One example is the hydrophobic pocket generated through redoxdriven conformational changes in RyR, in which only a single cysteine target was S-nitrosylated (63, 101, 252) . However, many known Cys targets for nitrosylation do not present any particular increase in hydrophobicity around the Cys (165). Most likely, Cys targets that are not nitrosylated via N 2 O 3 may not benefit from a high hydrophobic content, but in turn profit from a more polar environment (which favors solvent exposure, thus increasing accessibility of larger nitrosylating agents such as GSNO). Because many determinants and factors can control Cys reactivity, and also different agents (e.g., GSNO, NO 2 , and N 2 O 3 ) can be responsible for the modification, to date, no pattern describing this modification as a whole has been developed. Therefore, the lack of effective patterns has so far hindered prediction of new nitrosylation sites in proteins. However, it has been recently proposed that by separately analyzing different nitrosylation sites, clustered on the basis of their reactivity toward a specific nitrosylating agent, it might be possible to describe common features. This idea has not been extensively tested yet, but if confirmed it could allow computational biologists to develop theoretical tools for robust description of defined subsets of SNO-Cys sites in proteins, such as those specifically reactive toward a particular modifying agent (GSNO, NO 2 , S-nitrosocysteine, etc.). In addition to computational approaches similar to those successfully applied to other PTMs (e.g., phosphorylation), a potential additional strategy may involve docking approaches. Recently, a quantum mechanics-based study demonstrated that NO modification can induce significant charge redistribution in the Cys side chain (with only marginal effects on backbone atoms) (92) . The results from this study can provide the basis for docking calculations with SNO-containing proteins or substrates. By properly implementing the ad hoc parameters for SNO, docking approaches can model the affinity and binding modes of GSNO and a target Cys (Fig.  10) , as shown in a recent study investigating a database of potential Cys targets for GSNO-mediated transnitrosylation (165) . Similar approaches can be easily applied to other cases of transnitrosylation (Fig. 10) , where the agent is a low-molecular-weight RSNO or an SNO-protein. For a more detailed description on this subject as well as the current state of computational analyses and tools for the investigation of reactive Cys residues and PTMs, we refer the reader to a recent review, specifically addressing these issues (165) .
Docking-based methods could prove to be particularly relevant for examining the effect of nitrosylation on proteinprotein interactions. Although large-scale simulations of protein-protein interactions, in search of reactive Cys targets, are still quite (computationally) demanding tasks, these studies are becoming feasible (e.g., using the Rosetta suite of programs, RosettaDock, etc.) (188) . In the future, such docking-based approaches may allow systematic investigation of partners involved in either trans-or denitrosylation.
FIG. 10. Prediction of transnitrosylation sites with docking approaches.
Ad hoc developed force field parameters for S-nitrosylated cysteine (SNO-Cys) (92) can be transferred to a Cys containing transnitrosylating agent. For example, starting from glutathione, in silico S-nitrosylation can be simulated with a molecular builder tool (e.g., Vega ZZ, http://nova.colombo58.unimi.it/cms/), constructing nitrosoglutathione (GSNO), shown in sticks contoured by semitransparent spacefills. To deal with the effects of nitrosylation on glutathione, charge schemes and angles for SNO-Cys are transferred to GSNO (by keeping the overall charge of GSNO fixed, such that only partial charge redistribution can occur). For the application as a predictive tool, the prepared GSNO can be docked to a query protein with a docking software. For each Cys (C) of the query protein, the affinity for GSNO is calculated (in the figure, two representative Cys residues of a protein target are shown in sticks). Those Cys (if any) showing favorable energy and geometrical interactions with the substrate are predicted as potential modification sites. Only one Cys residue (labeled as C1, in the upper right of the figure) is targeted by GSNO, whereas other docking modes are not consistent with any transnitrosylation of Cys targets (e.g., Cys target labeled as C2). Therefore, the prediction would be that the query protein has a predicted nitrosylation site (C1). By analogy, other transnitrosylating agents can be tested with the docking based approach shown here (V.G. unpublished data).
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C. Transnitrosylation and denitrosylation of proteins
As discussed above, structural features per se do not always accurately predict whether a cysteine is nitrosylated in vivo, suggesting that additional factors are at play for regulating nitrosylation specificities. Protein transnitrosylation is the transfer of an NO group from a cysteine in one protein to a specific cysteine in another protein. This mechanism may allow select SNO-proteins to serve as transnitrosylases or specific transnitrosylating agents for modulating the nitrosylation of specific target proteins (243) . A classic example is the transnitrosylation from SNO-Cysb93 of hemoglobin onto a single cysteine within the cytoplasmic domain of an anion exchanger, AE1 in the red blood cell membrane (211) . Recently, GAPDH has been shown to carry out important cytosol to nucleus signal transduction activities via transnitrosylation of key proteins. GAPDH with SNO-Cys150 can bind and transnitrosylate HDAC2, sirtuin-1 at Cys387 and Cys390 and DNA-activated protein kinase (129) , affecting the activities of these proteins in the nucleus. Trx1 also displays specific transnitrosylation properties, transferring NO from Cys73 onto numerous targets, including caspase 3 (Casp3) at Cys163 (273) . These examples illustrate how spatial and temporally regulated S-nitrosylation events can function during signal transduction events (243), and we focus on Trx1 as a potential transnitrosylase paradigm later in this review.
Benhar et al. have suggested that denitrosylation is not simply an ''off'' mechanism that counters the effect of protein nitrosylation (21) . In fact, denitrosylation may provide another means for the determination of nitrosylation specificity. Global analysis of the S-nitrosoproteome has revealed that a number of proteins are typically nitrosylated under steady state conditions in cells. Therefore, a protein denitrosylase may behave like a regulated phosphatase; when activated, they may denitrosylate selected SNO-proteins, thus modulating the biological activities of their targets. However, specific denitrosylation motifs have yet to be identified from the known protein denitrosylation systems, that is, the GSNO reductase (GSNOR)/GSH/nicotine adenine dinucleotide (83) or Trx systems (21) . Protein denitrosylation by the Trx system is discussed in detail later in the review. GSNOR was characterized previously as GSH-dependent formaldehyde dehydrogenase and class III alcohol dehydrogenase (67) . The GSNOR system indirectly denitrosylates proteins via GSH, which extracts NO from select SNO-proteins to form GSNO, and is converted to GSNHOH by GSNOR (83) . Known GSNOR/GSH denitrosylation targets include GPCR kinase 2 (270) and b-arrestin 2 (203) . Both of these proteins are regulators of GPCR signaling and desensitization, especially within the b-adrenergic receptor signal transduction pathways (219) . Indirect evidence from GSNOR knockout mice revealed that SNO-hemoglobin might be another target of GSNOR-mediated protein denitrosylation (255) . Other studies suggested an important function for GSNOR during hypoxia and found that HIF-1a and the Von Hippel-Lindau (VHL) protein within cardiomyocytes could be denitrosylation targets of GSNOR (148) . The elevated nitrosylation of HIF-1a appears to be responsible for the protection of cardiac function and the reduction in infarct size after ischemia in GSNOR knockout mice (206) . The effect is augmented by nitrosylation of VHL, a negative regulator of HIF1a, whose function is attenuated by elevated nitrosylation activity in GSNOR knockout mice (206) .
In addition to protein systems, simple molecules may have specific denitrosylating ability. Bilirubin (BR) is an endogenous antioxidant molecule that acts as a scavenger of free radicals (182) , but also modulates denitrosylation/nitrosylation processes (17) . Barone et al. demonstrated that physiological concentrations of unconjugated BR, free or complexed with saturating concentrations of HSA, denitrosylates RSNOs as well as high-molecular-weight S-nitroso-albumin (17) . The same study confirmed the formation of nitrosylated BR in a reconstituted system and in rat fibroblasts exposed to oxidative and nitrosative stress, suggesting a biological function for BR in mediating the denitrosylation of SNO-proteins.
VI. Regulation of Nitrosylation by Trx
As discussed earlier, S-nitrosylation is a dynamic, specific, and reversible PTM, important for the regulation of protein functions within diverse cellular pathways. The mechanisms that are responsible for regulating nitrosylation specificity are poorly understood. Several proteins, including superoxide dismutase 1, PDI, GAPDH, and Trx2, have been shown to possess either a transnitrosylating or a denitrosylating activity toward specific target proteins (21, 129) . With regard to Trx1, it is unique in its ability to either transnitrosylate or denitrosylate a specific target, namely, Casp3 (184, 247) . Here we are going to discuss the targets of Trx1 transnitrosylation and denitrosylation and how redox PTMs enable Trx1 to toggle between these two regulatory functions.
A. Transnitrosylation by Trx1
A number of studies report the transnitrosylation or denitrosylation of proteins by Trx (Supplementary Table S2 ). For Trx1 to serve as a transnitrosylation agent, it first needs to be nitrosylated itself, to form SNO-Trx1. The conserved Cys69 and Cys73 residues of Trx1 ( Fig. 2A) have been implicated in the S-nitrosylation of both Trx1 and the possible Trx1-catalyzed transnitrosylation of other proteins in endothelial cells (88, 184, 267, 273) [it should be noted that the impact of Cys69 nitrosylation on Trx1 disulfide reductase activity is in dispute (96) ]. Which of these or other conserved Trx1 cysteines is available for nitrosylation and can serve as the donor for transnitrosylation is probably cell and context dependent. One such context is pH; in vitro, the nitrosylation of Cys62 can occur at neutral pH, but more alkaline pH appears to be required for the nitrosylation of Cys69 (269) . However, under physiological conditions, Cys73 may be the Trx1 cysteine most responsible for Trx1-mediated transnitrosylation (184) . Using high-resolution mass spectrometry with instrumentation conditions optimized for preserving protein nitrosylation, we were able to identify the redox status of each of the five cysteines within Trx1 (267) . After the treatment of recombinant Trx1 with GSNO, we only detected a nitrosylation site at Cys73 (Fig. 11A) , whereas Cys32 and Cys35 were present as an intramolecular disulfide bond (Fig. 11B, C) , and the other three cysteines remained as free thiols (267, 273) . We also observed evidence that a minor secondary nitrosylation site was present within Trx1 (Fig. 11C) ; however, we were unable to determine its location due to low abundance.
The redox states of the disulfide reductive site cysteines appear to be crucial regulators that determine the nitrosylation status of the remaining Trx1 cysteines (96, 273) . Hashemy and Holmgren reported that a two-disulfide form of Trx1 (Cys32-Cys35 and Cys62-Cys69) can be readily nitrosylated on Cys73 and transnitrosylate target proteins (96) . The same group also reported that SNO-Trx1 has diminished disulfide reduction activity (96) . Two different groups have reported increased protein nitrosylation levels after treatment of HepG2 or 10C9 cells with auranofin, a highly specific TrxR inhibitor (21, 153) . These observations suggest that when the protein reduction activity of Trx1 is attenuated, it may either lose its ability to denitrosylate or increase its ability to transnitrosylate target proteins. We recently expanded on these observations, and confirmed that the redox status of the reductive site cysteines is essential to the nitrosylation of Trx1 at Cys73 and to its ability to transnitrosylate target proteins (273) . We found that only the oxidized form of Trx1 (Trx1-S 2 ), containing disulfide linked Cys32 and Cys35, could be nitrosylated on Cys73 to generate SNO-Trx1 (Fig. 11B-G) . SNOTrx1 could transnitrosylate target cysteines in a Casp3 peptide in the absence of GSNO (Fig. 11H) , but transnitrosylation by either GSNO or SNO-Trx1 was diminished in the presence of reduced Trx1 (Trx1-(SH) 2 ), with dithiol forms of Cys32 and Cys35 (Fig. 11I) . Further, Trx1-(SH) 2 can selectively remove the NO group from some SNO-proteins (21) , including the denitrosylation of SNO-Trx1 (238, 273) , suggesting that Trx1-(SH) 2 and perhaps additional factors, including GSH (238) and lipoic acid (247) , may play a role in regulating the stability of SNO-Trx1 and other mediators of transnitrosylation. Hence, the multiple PTM regulatory functions of Trx1 appear to be partitioned by the oxidative state of its reductive catalytic site Cys32 and Cys35 (Figs. 11J and 12) .
The most well-characterized target of Trx1 nitrosylation is Casp3. Through mutation analysis, Marletta and colleagues determined that Cys73 of Trx1 is responsible for the transnitrosylation of Casp3 (184) . This group employed a Cys73Ser mutant of Trx1, which exhibited normal disulfide reduction activity, but was resistant to becoming nitrosylated, and contained no transnitrosylation activity toward Casp3 at Cys163. The specificity of Trx1-mediated transnitrosylation is likely to rely on specific protein-protein interactions between SNO-Trx1 and the target proteins. Mitchell et al. have shown that mutations of Trx1 E70A and K72A, residues that surround the Cys73 transnitrosylation site, prevents SNO-Trx1 from binding and transnitrosylating Casp3 (185) (185) . Further, the same group reported that GSNO was able to transnitrosylate Casp3 at a slower rate of 1.67 M -1 s -1 (184). Despite these rates being several orders less than those reported for Trx1-mediated reduction (see Section III.D), these observations suggest that Trx1 can catalyze transnitrosylation of Casp3, to regulate this critical apoptosis factor in cells. However, enzymatic turnover and transnitrosylation of a substrate with a substoichiometric level of SNO-Trx1 has not yet been reported; therefore, it is premature to name SNOTrx1 transnitrosylase. In addition to important amino acids surrounding Cys73 of SNO-Trx1, there are likely amino acids surrounding the target transnitrosylation sites that are equally important for the determination of transnitrosylation specificity. Recently, we identified 47 putative Trx1 transnitrosylation targets, including Prx1, in HeLa cells expressing transnitrosylation-active Trx1 C32S/C35S (a mutant Trx1 with both Cys32 and Cys35 replaced by Serine to mimic the function of disulfide reductase and denitrosylation-inactive Trx1) (273) . We have performed a primary sequence motif analysis of the peptides whose nitrosylation sites are likely transnitrosylated by SNO-Trx1 (273) . Although the 47 protein sequences were limited, we were able to identify three independent candidate motifs, AXC, CXXXXA, and AC, where X is any amino acid and C is an SNO-Cys (273) . Interestingly, Cys163 of Casp3 appears to contain the AC motif (273).
B. Denitrosylation by Trx
Earlier work demonstrated that Trx1/TrxR system is capable of denitrosylating low molecular weight RSNOs, such as GSNO (196, 238, 247) , 25-30 kDa liver cell proteins (238) , and protein tyrosine phosphatase 1B (21) (Supplementary Table S2 ). Through application of advanced proteomics techniques, 11 and 46 diverse Trx1 denitrosylation targets were recently identified in RAW264.7 activated macrophages (257) and in Jurkat cells (23), respectively. Trx1 is also implicated in the denitrosylation of eNOS, allowing its homodimerization and activation (218) , which is coupled to activation of the b-adrenergic receptor in endothelial cells (270) .
The mechanism of denitrosylation of RSNOs by Trx was proposed by Stoyanovsky and colleagues, and involves the reductive site Cys32 and Cys35 (238, 247) . They propose that the target NO is initially transferred to Trx onto the low pKa thiol of Cys32. The vicinal thiol of Cys35 then forms a disulfide bond with Cys32, concomitantly releasing HNO or possibly transferring the NO intramolecularly to Cys62, 69, or 73 (238) . The same mechanism has been proposed for SNOprotein denitrosylation, as well as an alternative mechanism involving the formation of a mixed disulfide between Cys32 of Trx1 and the formerly nitrosylated target, resulting in the release of HNO (22) . Another report suggested that Cys73 may contain some Casp3 denitrosylation activity (184) . Although Trx1 and related molecules appear to be highly efficient at denitrosylation, the kinetics for Trx1 catalyzed protein denitrosylation has not been widely reported, other than a rate constant of 34.4 M -1 s -1 reported for the denitrosylation of Casp3 by Trx1-(SH) 2 (184) . Therefore, the current understanding of Trx1-mediated protein denitrosylation is largely qualitative. Further, the exact intramolecular mechanism of Trx denitrosylation remains ill-defined, as does denitrosylation target specificity. A comparison of proteins that are transnitrosylated, but not denitrosylated by Trx1, as opposed to those denitrosylated but not transnitrosylated, might provide insight into the mechanistic specificity of denitrosylation. Prx1 belongs to the former category; nitrosylated Prx1 (SNOPrx1) cannot be denitrosylated by Trx1 (23), even though this peroxidase is a target of both Trx1 reduction (91) and transnitrosylation (273) . This suggests that the Trx1-(SH) 2 disulfide reductive catalytic domain, which is essential for reducing Prx1 disulfide dimers, may not be able to bind SNO-Prx1 and catalyze its denitrosylation.
Both Trx1 and Trx2 can function as denitrosylating agents (21) . In contrast to its versatile relative, Trx2 has not been
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shown to possess transnitrosylation activity, presumably because it has not evolved to contain a Trx1 Cys73 equivalent (Fig. 2B) . The data supporting the seemingly opposite functions of Trx1 transnitrosylation and denitrosylation are equally compelling. Possible cellular mechanisms exist for the regulation and segregation of the Trx1 transnitrosylation function from its denitrosylation function, which is not simply reverse-transnitrosylation. Different Trx1 cysteine residues are implicated in these two functions; Cys32 free thiol of Trx1-(SH) 2 is responsible for denitrosylating activity (21) , whereas Cys73 of SNO-Trx1 is responsible for transnitrosylating activity (184) . Further, it is unlikely that the same Trx1 protein can catalyze both transnitrosylation and denitrosylation activities simultaneously. In support of this presumption, we recently observed that SNO-Trx1 failed to nitrosylate target proteins and was itself denitrosylated when mixed with Trx1-(SH) 2 (Fig. 13) ) with Casp3 for the NO of SNO-Trx1, and when formed to any significant extent, SNO-Casp3 could be denitrosylated by the Trx1/TrxR system (238).
C. Functional significance of Trx-mediated regulation of nitrosylation
Redox imbalance associated with Trx1 disulfide reductase dysfunction has been implicated in the development of common diseases, including diabetes, inflammation, neurodegeneration, cardiovascular disease, and cancer (56, 110) . However, dysregulation of NOS and protein nitrosylation are also implicated in many of the same disease tissues and models (73, 178) . Therefore, the ability of Trx1 to regulate target proteins through nitrosylation has various health and disease implications. Since nitrosylation may be a common regulatory feature of apoptosis, Trx1's role in regulating apoptosis may involve its transnitrosylation or denitrosylation of caspase family members or other apoptosis regulators within specific cellular or pathological contexts. Trx1-mediated transnitrosylation has been shown to protect endothelial cells against stress-induced apoptosis (88, 273) , and nitrosylation of Trx1 is a prerequisite for the nuclear translocation of Trx1 in endothelial cells (232) , suggesting the possibility of direct transcriptional modulation by SNO-Trx1. In fact, in certain model systems, SNO-Trx1-mediated transnitrosylation appears to play a more important antiapoptotic function independent of Trx1's disulfide reductase activity. Through site-directed mutagenesis, we found that Trx1 Cys73-mediated transnitrosylation was more effective at protecting HeLa cells from TNF-a-induced apoptosis than was Cys32 and Cys35-catalyzed disulfide reduction (273) . Further, S-nitrosylation of Trx1 and other proteins induced by ischemic preconditioning has been shown to be cardioprotective following ischemia/reperfusion, a condition in which cardiac cells would otherwise undergo apoptosis (250, 255) . The study of the pathophysiological function of regulated nitrosylation, especially by Trx1, will likely provide insight into novel signal transduction pathways that are dysregulated under disease conditions. To serve the role as a specific regulator of cell signal pathways, as discussed previously, SNO-Trx1 stability appears to be tightly regulated by the presence of Trx1-(SH) 2 and other reductants (Fig. 13) , including GSH (238) . Therefore, subcellular compartmentalization and distribution of SNO-Trx1 and its reductants may determine the degree of S-nitrosylation of SNO-Trx1 target proteins.
NO was found to inhibit caspases 1, 2, 3, 4, 6, 7, and 8 via nitrosylation, regulating apoptosis (144) . Cytosolic Casp3 is typically not nitrosylated, but can be sequestered in the inactive form by a non-nitrosylation-based mechanism, presumably via protein-protein interactions with a cellular inhibitor (21) . However, Casp3 can be reversibly inhibited in hepatocytes by either NO donor treatment or iNOS activation, thus attenuating TNFa-induced apoptosis (127) . Marletta et al. have reported both in vitro and in vivo evidence suggesting that Trx1 can transnitrosylate Casp3 at Cys163, thereby preventing apoptosis in cultured T-cells (184, 185) (Fig. 12) . Once nitrosylated, SNO-Casp3 cannot be proteolytically cleaved and activate apoptosis. Analogously, Earlier studies suggested that the redox status of Cys32 and Cys35 may affect the ability of Trx1 to transnitrosylate or denitrosylate target proteins (21) . Here we present direct evidence that only after the formation of the Cys32 and Cys35 disulfide bond (forming Trx1-S 2 ), can Trx1-S 2 be S-nitrosylated in vitro (forming S-nitrosylated Trx1 [SNO-Trx1]). Mass spectra of Trx1-S 2 before (B) and after (C) GSNO treatment and of Trx1-(SH) 2 before (D) and after (E) GSNO treatment are shown. All spectra were deconvoluted to singly charged states by Masslynx (V4.1, Waters) for ease of comparison. Precursor and nitrosylated peaks are labeled. Under nonreducing conditions, high-resolution MS analysis of a recombinant His-tagged human Trx1 demonstrated that this protein had a mass of 13,766.75, corresponding to Trx1 with three free thiols and one disulfide bond (B). This molecule was readily S-nitrosylated by GSNO, resulting in a product with a mass of 13,795.80 (C, 13,766.75 + 29, i.e., Trx1-S 2 + NO). In addition, we also observed lower levels of dinitrosylated Trx1 with a mass of 13,824.85 (C, 13,766.75 + 58, i.e., Trx1-S 2 + 2NO). For comparison, Trx1 with reduced Cys32 and Cys35 (Trx1-(SH) 2 ) yielded a mass of 13,768.90 (D), corresponding to the addition of approximately two extra protons to Trx1-S 2 . Unexpectedly, we could not detect any SNO-Trx1 MS signal after the incubation of Trx1-(SH) 2 with GSNO (E). To further our investigation, we examined whether the redox status of Cys32 and Cys35 affects Trx1 transnitrosylation of a Casp3 peptide containing the known nitrosylation site. S-glutathionylation also inhibits cleavage of Casp3, and this is regulated by the Grx system (207) . However, in a different cellular context, SNO-Casp3 have been shown to transnitrosylate an antiapoptotic E3 ligase, XIAP at Cys450, attenuating its activity, resulting in the activation of apoptosis (193) . Evidently the ability to transnitrosylate/denitrosylate Cys163 of Casp3 is a major means of Trx1 to fine-tune apoptosis. Trx1 has been shown to denitrosylate Casp3 at Cys163 in different cells, resulting in Casp3 activation (21) . So far, Casp3 is the only protein known to be regulated by
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Trx1-mediated site-specific reversible nitrosylation (Fig. 12) . Both mitochondrially localized Casp3 and 9 are found nitrosylated in resting cells, inhibiting their enzymatic activities and regulatory roles in modulating apoptosis in a human B cell line (10C9) (163), and they can be activated by Trx2-mediated denitrosylation in Fas-ligand-stimulated B-cells (21) . It is still unclear how FasL activates the Trx2 system for Casp3 and Casp9 denitrosylation. It appears that Trx-regulation of protein nitrosylation may play a broad role in regulating apoptosis. Trx1 is usually characterized as an antiapoptotic molecule, primarily due to the ability of Trx1-(SH) 2 to reduce and sequester ASK1 (152), preventing ASK1 from activating downstream protein kinase signaling cascades that lead to proapoptotic gene expression. Curiously, higher SNO-Trx1 levels have been correlated with an upregulation of ASK1 apoptotic activity, presumably due to dissociation of the Trx1-ASK1 complex after nitrosylation of Trx1 (249) . Conversely, ASK1 has been shown to undergo nitrosylation at Cys869 in murine fibrosarcoma L929 cells after interferon-c treatment, which attenuates ASK1's ability to activate apoptosis in response to H 2 O 2 (208) . Therefore, it will be of interest to determine whether Trx1 can regulate the ASK1 proapoptotic pathway by altering the nitrosylation status of ASK1. The possible interplay between Trx1 and other redox regulators might determine whether apoptosis proceeds. For example, during oxidative stress both Trx1 and the heme oxygenase/biliverdin reductase system (responsible for the production of BR) are upregulated. BR can upregulate Casp3 in a dose-dependent manner in neurons (160) and can act as a denitrosylase (17) . Therefore, one can speculate that under oxidative stress, SNO-Trx1 initially hinders apoptosis by nitrosylating Casp3, but ever increasing ROS leads to elevated BR, which catalyzes the denitrosylation of SNO-Casp3 and allows the resumption of apoptosis.
We recently identified Prx1, a classic 2-Cys Prx and Trx1 disulfide reduction target, to be transnitrosylated by Trx1 (Fig. 14) (273) . Prx1 could be directly nitrosylated by SNOTrx1 in vitro at Cys173, the resolving cysteine required for the formation of a disulfide bond with the peroxidatic cysteine after its reduction of peroxides (Fig. 14A, B) . The same nitrosylation site was also found in vivo in HeLa cells overexpressing Trx1
C32S/C35S
, a denitrosylation inactive, thus transnitrosylation active Trx1 mutant (273) . In addition, Cys83, a key residue for the maintenance of the human Prx1 dimer-dimer interface (139) , was also nitrosylated (273) . Since nitrosylation has been shown to inhibit Prx2's peroxidase activity (65) , SNO-Prx1 is likely to have diminished peroxidase activity as well. However, nitrosylation of Prx1 (into SNO-Prx1) may be a means for long-term preservation of Prx1 function, especially in highly oxidizing cellular environments. Drapier's lab has shown that the addition of NO donors to macrophages attenuated the overoxidation of Prx1 by H 2 O 2 (55) . We found that in HeLa cells, H 2 O 2 treatment resulted in an increase in Prx1 monomer with a concomitant decrease in (III) S-nitrosylated procaspase 3 can be denitrosylated by the Trx system. Denitrosylated procaspase 3 can be cleaved to activated Casp3 which induces apoptosis (21) . (IV) Oxidized Trx1 can be replenished by TrxR/NADPH reduction.
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homodimer, and accumulation of SNO-Prx1 and Prx1-SO 3 H (Fig. 14C, D ). Prx1-SO 3 H is a marker for irreversibly inactivated Prx1 (273) . It was significantly attenuated in H 2 O 2 -treated cells overexpressing Trx1 C32S/C35S relative to control cells (Fig. 14C) , with a concomitant increase in SNO-Prx1, an effect that can be reproduced by the addition of GSNO to cells (273) . Trx1-mediated transnitrosylation of Cys173 may be a means for maintaining an overoxidation-resistant Prx1 structure (264, 277) , but the precise mechanism remains to be explored. We therefore speculate that during prolonged ROS exposure, when the Trx reductive system becomes overextended and SNO-Trx1 accumulates, Trx1 transnitrosylates Prx1 at Cys173, thus preventing Prx1 from becoming overoxidized (Fig. 14E) . Once the cellular redox balance is restored, TrxR can facilitate the accumulation of Trx1-(SH) 2 and reduce Prx1 dimers. It should be noted that since Trx1/TrxR is unable to denitrosylate SNO-Prx1 (23), it is likely to be reduced by other denitrosylation systems.
Based on mutational analysis and in vitro studies, we found that a redox-based mechanism can distinguish Trx1-mediated transnitrosylation from its denitrosylation function. In normal biological systems, Trx1 protects proteins via its reductase or denitrosylating activities, with sufficient reducing equivalents provided by TrxR and NADPH. When cells are undergoing oxidative stress, overpowering TrxR's ability to regenerate Trx1-(SH) 2 , Trx1 becomes S-nitrosylated and regulates proteins via an alternative modality of transnitrosylation. Alternatively, other regulatory systems can play a role in regulating Trx1's ability to carry out either denitrosylation or transnitrosylation activities. TXNIP was recently reported to dynamically regulate Trx1 by repressing its denitrosylation activity (71) , but this repression may be attenuated by endogenously synthesized NO (233) . This dynamic regulation of denitrosylation allows cells to survive nitrosative stress, and places Trx1 in a prominent physiological role for the protection of cells against nitrosative stress (71). It is not known whether TXNIP facilitates S-nitrosylation of Trx1 or SNO-Trx1-mediated transnitrosylation of target proteins. However, in Trx1 C32S/C35S -expressing HeLa cells, increased TXNIP nitrosylation was observed, suggesting the possibility of SNO-Trx1 transnitrosylation of TXNIP (273) . Trx1-regulated trans-or denitrosylation of regulatory proteins may serve several purposes: as a signaling mechanism, and to temporarily prevent proteins from acquiring irreversible oxidative modifications, when the Trx1/TrxR system can no longer reduce or denitrosylate the proteins. 
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sensitive quantification of this modification. Such difficulties also reside in the fact that many proteins of biological interest are present in relatively low abundance. Given the chemically labile nature of S-nitrosylation within biological systems, it becomes more effective to replace the NO group of nitrosylated residues with a more stable alkylating group. The alkyl group can be linked to a biotin moiety (Fig. 15A) , and the modified peptides affinity enriched, resulting in improved detection sensitivity and signal-to-noise ratios. Recent development of the biotin switch technique (BST) (118) allows for both qualitative and quantitative study of subtle changes in the degree of protein S-nitrosylation (21).
This section of the review compares the relative effectiveness of several thiol-specific quantitative proteomics techniques (i.e., DIGE, ICAT, and BST) for the discovery of proteins whose cysteine thiols are sensitive to nitrosylation, and in particular to Trx1-mediated transnitrosylation and denitrosylation. Each method can reveal a subset of unique Trx1-sensitive nitrosylated proteins. As with the identification of Trx1 reductive targets, one needs to either overactivate or inactivate Trx1 pathways to identify Trx1 nitrosylation targets by quantitative proteomics techniques. Overexpression or knock-down of Trx1 transcripts and Trx1 mutants is often straight forward but might not be physiologically relevant. However, a number of alternative 
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B. Biotin switch technique
BST is widely used for the identification of SNO-proteins and in the mapping of their SNO-Cys (118) . The general concept behind this method is similar to that used in the detection of redox-sensitive cysteine thiols. Proteins are first extracted in buffers containing metal chelators, especially near neutral pH, to preserve cellular protein nitrosylation status. There are then three steps involved in the successful implementation of BST (Fig. 15B) . First, free cysteine thiols are alkylated with MMTS. Second, ascorbate is used to reduce the nitrosylated cysteines without also reducing disulfide bonds or other oxidative cysteine PTMs. Third, a cysteine-alkylating reagent (typically biotin-N-(6-(biotinamido) hexyl)-3¢-(2¢-pyridyldithio)-propionamide [HPDP] ) is used to alkylate the newly exposed cysteine thiols and serves as a sensitive marker of S-nitrosylation. In Figure 15C , we show an example of the efficient reduction of SNO-proteins by ascorbate (229) . HeLa cell proteins were first nitrosylated using GSNO and then treated with increasing concentrations of ascorbate. The RSNO content was determined using the Saville assay (229) , which involves the displacement of NO + from nitrosylated cysteines with mercury. Mercury reacts with Saville reagents to generate an azo dye that can be measured spectrophotometrically. It appears that ascorbate at concentrations above 1 mM was efficient at reducing SNOproteins in our example (Fig. 15C) . To prove that biotin modifications correspond to specific nitrosylation sites, a control BST treatment is typically carried out, in which ascorbate is omitted (Fig. 15D ). This control should not detect any biotinylated proteins and hence SNO-proteins, since no free thiols will be generated from the reduction of Cys-SNOs by ascorbate.
Following BST, biotinylated proteins that were formerly nitrosylated can be detected by Western blotting, or affinityenriched using streptavidin beads and separated by either 2DE or LC/MS/MS for S-nitrosoproteome-wide identification (Fig. 16A) . However, the information on specific nitrosylation sites is often lost during proteomics analysis, since the disulfide-linked biotin group can be removed by reducing agents commonly used before 2DE separations or protease digestions. Although omitting reducing agents can allow biotin-HPDP modification sites to be detected by MS/MS (Fig. 16B) , this omission will likely result in reduced detection sensitivity of low abundant proteins, since disulfide-linked proteins are more resistant to trypsin digestion. Consequently, one needs to use a nonreducible substitute reagent to biotin-HPDP in BST to retain nitrosylation site information that can be determined by MS/MS analysis. A variety of biotin-HPDP alternate reagents and methods have been utilized successfully for analyzing different S-nitrosoproteomes. Similar to observations that have been made by others, we have confirmed that biotin maleimide (Biotin M; Fig. 15A ) can replace biotin-HPDP for 2DE-based nitrosoproteomic analysis. As an example, HeLa cell proteins were first nitrosylated with 100 lM of GSNO and then processed with BST using either biotin-HPDP or Biotin M (Fig. 17) . Biotin-HPDP-proteins could only be detected by Western blotting after nonreducing gel separations, not in reducing gels (Fig. 17A, B) . By comparison, biotin-M-proteins could be detected after either nonreducing or reducing gel separations (Fig. 17C, D) . Camerini et al. used a novel His-tag conjugated alkylating reagent that binds irreversibly to reduced cysteines generated by ascorbate, allowing formerly nitrosylated proteins and peptides to be purified by a nickel column (34) . They identified 28 SNOCys within 19 proteins from rat cerebral cortex using this method. Stamler and colleagues used a modification of BST by capturing protein cysteine thiols on a thiol-reactive solid phase resin. When used in conjunction with the iTRAQ protein quantification, this method identified over 400 SNOpeptides, many of which are rapidly denitrosylated in cells (72) . More recently, Chen et al., used IAM instead of MMTS for the initial free thiol block, and an irreversible thiol labeling PEO-iodoacetyl-biotin instead of biotin-HPDP for BST (Fig.  15A) (42) . They reported the identification of 586 unique nitrosylation sites in 384 proteins. The continued refinement of BST techniques will likely reveal more lower abundant and transiently nitrosylated proteins in the future. It should be noted that BST is not only useful for the detection of SNOpeptides, but can be configured for the identification of other redox-sensitive cysteine-containing peptides (175).
C. Gel-based approaches
Following BST, formerly nitrosylated proteins can be analyzed by either gel-or MS-based methods. For example, proteins from SH-SY5Y cells treated with or without GSNO can be isolated and BST-labeled with Biotin M. Avidin-enriched proteins can be separated by 2DE and the relative protein amounts can be quantified by Western blotting (Fig.  18A, B) or by staining with Sypro Ruby (Fig. 18C, D) or other staining methods. The GSNO-induced nitrosylation of proteins can be differentiated from endogenously nitrosylated proteins by the relative intensity of their gel spots. Tandem MS can be used to identify the protein and possibly also to   FIG. 17 . Comparison of SNOprotein detection by either reducing or non-reducing gel electrophoresis, following BST with biotin-HPDP or Biotin M. HeLa cell proteins were transnitrosylated in vitro with 100 lM of GSNO and processed by BST according to Jaffrey and Snyder (118) . Western blotting analysis against biotin was performed after either 12.5% nonreducing or reducing sodium dodecyl sulfatepolyacrylamide gel electrophoresis separation. Left lanes, control; right lanes, GSNO-treated. (A) Biotin-HPDP-labeled proteins were detected only from non-reducing gel-separated proteins. (B) DTT reduction in the reducing gel removed almost all the biotin-HPDP labels before electrophoresis. Biotin M-labeled proteins were detected from both nonreducing (C) and reducing (D) gel-separated proteins (C.W. unpublished data).
FIG.
18. 2DE analysis of SNO-proteins from SH-SY5Y cells. After SH-SY5Y cells were treated with 100 lM of GSNO, proteins were extracted and labeled with Biotin M following the BST protocol (118) . After 2DE separation of the labeled proteins, Western blotting was performed to detect biotinylated proteins isolated from either (A) untreated or (B) 100 lM GSNO-treated SH-SY5Y cells. Substantially more biotinylated proteins were detected after GSNO treatment of the cells. Biotin M-labeled proteins were affinity enriched by streptavidin beads from either (C) untreated or (D) GSNO-treated samples; the gels were stained with Sypro Ruby fluorescent dye. More biotinylated proteins can be detected after GSNO treatment and subsequently can be identified by LC/MS/MS (C.W. unpublished data).
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locate its nitrosylation site(s). Recently, an SNO-DIGE (RSNO difference in gel electrophoresis) (48) and fluorescence switch method (257) were described for the quantitative identification of SNO-proteins. In this method, Cy3m, Cy5m, or similar fluorescent dyes are used instead of biotin-HPDP or Biotin M to covalently label ascorbate-freed nitrosylation site cysteines. The labeled proteins are mixed and resolved on the same gel. The key benefit of this method is its ability to compare proteins from different sources within the same gel, thus eliminating the difficulties that arise in matching gel spots when gel-to-gel reproducibility is poor. It is also easier to obtain statistical measurements of significance when using an internal standard-based multiplexing approach. With a fluorescence switch method, Sun et al. identified over 100 SNOproteins in endothelial cells (251) , many of which have increased nitrosylation after shear stress stimulation of eNOS. Chouchani et al. successfully identified 13 mitochondrial SNO-proteins, nitrosylated by a novel mitochondria-targeted RSNO compound (48) , and found that aconitase, mitochondrial aldehyde dehydrogenase, and a-ketoglutarate dehydrogenase were selectively and reversibly inhibited by nitrosylation. This technique has been used to identify proteins whose nitrosylation levels are regulated by Trx1. Tello et al. were able to identify increased nitrosylation of 11 SNOprotein species in DIGE-gels in lipopolysaccharide/interferon-treated RAW264.7 cells, cotreated with auranofin, a TrxR inhibitor (257) , suggesting that they may be targets of Trx1-mediated denitrosylation. However, given that SNO-Trx1 is also activated upon TrxR inhibition (273) , it is likely that some of these proteins are targets of SNO-Trx1-mediated transnitrosylation. Overall, the gel-based methods are effective at revealing multiple protein isoforms that are differentially nitrosylated (257), but are not as sensitive as the shotgun proteomics methods that use the LC/MS/MS approaches for the identification of SNO-proteins and SNO-peptides described below. Among the more sensitive gel methods for protein identification is a method called geLC-MS/MS, in which lower abundance proteins are first separated from the more abundant house-keeping proteins by SDS-PAGE. The gelseparated proteins are digested as individual gel-bands and the resulting peptides identified by LC/MS/MS methods. This method coupled with BST has been used for the identification of over 200 SNO-proteins in human spermatozoa, many of which are unique to this tissue (140) . As an alternative to BST, an immuno-spin trapping method for the analysis of SNO-proteins based on the reaction of protein thiyl radicals with 5,5-dimethyl-1-pyrroline N-oxide has been demonstrated (237).
D. MS-based approaches
BST affinity purified proteins have been used to identify hundreds of SNO-sites within SNO-proteins and peptides (42) . Extending the BST paradigm, stable isotope-based biotinylating reagents or other quantitative shotgun proteomics reagents have been used in place of, or in combination with biotin-HPDP for quantitative analysis of changes in SNOpeptides. For example, the ICAT reagents discussed previously have been tailored to quantify the nitrosylation reactivity of protein tyrosine phosphatase 1B, and enabled the identification of Cys215 as the primary residue prone to nitrosylation (43) . Recently, a solid-phase version of the BST method was used in conjunction with iTRAQ to quantify the rate of protein/peptide denitrosylation after the prior treatment of cells with nitrosylating agents (72) . Nearly 300 peptides that underwent rapid denitrosylation within the cells were quantified by this method, suggesting that this method is effective for the identification and quantification of lowabundance peptides. Using motif search software to compare the peptide sequences reported in this study that are denitrosylated rapidly, we found that there may be several lysinebased CX 5 K and CX 6 K (X = any amino acid) motifs present among the denitrosylated peptides (Fig. 19) . Obviously, it remains to be determined whether such motifs serve any purpose in directing denitrosylase(s) to their target proteins. Recently, Benhar et al. coupled SILAC with BST and quantitatively identified 46 new substrates of Trx1 (23): some of which are almost completely denitrosylated by Trx1-(SH) 2 (e.g., leucyl-cystinyl aminopeptidase), whereas others are partially denitrosylated (e.g., epoxide hydrolase 2). Interestingly, they found that several Jurkat cell proteins that are pre-nitrosylated by CysNO, including Prx1, are not denitrosylated by Trx1-(SH) 2 , confirming that Trx1-(SH) 2 is a specific denitrosylation agent of only select targets. Overall, it suggests that large-scale quantitative proteomics methods can be easily adapted for the identification of additional Trx1 transnitrosylation and denitrosylation targets, and facilitate an understanding of the underlying mechanisms of target specificity.
E. Advanced proteomics approaches
Once an SNO-Cys within a specific protein has been identified by global proteomics approaches, biologists need to be able to verify that these nitrosylation events are indeed occurring within physiological or pathological contexts. Therefore, it becomes important to quantify changes in specific nitrosylation events and assess the regulation of their reversibility. One means is to develop antibodies against specific SNO-sites, but this is time consuming and may not always be possible. The MS-based selected reaction monitoring (SRM) quantitative technique, commonly used in the quantification of drug-like molecules, could be a viable alternative. This type of analysis is usually carried out on a triple-quadrupole tandem mass spectrometer. This technique relies on the fact that a peptide of a particular size (or mass/ charge) can be isolated and fragmented into specific fragment ions in a tandem mass spectrometer. The selectivity of the SRM approach is based on the premise that a parent peptideto-fragment ion transition pair may be unique and can be used to specifically quantify the peptide within biological matrices, including cell lysates or serums. Several SRM experiments can be carried out within the same LC/MS/MS analysis for the quantification of multiple peptides, and it is therefore called multiple reactions monitoring (MRM). The MRM method has been widely used in the pharmaceutical industry to quantify drugs and their metabolites during pharmaceutical development. More recently, it has been increasingly used for the quantification of peptide biomarkers. Analogous to multiplexed immunoassays for the quantification of many low abundant cellular analytes such as cytokines, the MRM approach can be used for the quantification of a collection of SNO-peptides. The application of SRM or MRM for SNOpeptide quantification has not been widely reported, 
F. Strengths, limitations and complementarity
Global proteomics methods have been proven effective at identifying novel proteins whose disulfide bond or nitrosylation status are regulated by Trx1 and related proteins. However, proteins in some functional groups are highly represented in the Trx1 target proteomes, including sugar and lipid metabolism, protein chaperons, and mitochondrial proteins (23, 75, 273) . This observation is due at least in part to the fact that these proteins are typically more highly abundant and are routinely identified by global proteomics studies, regardless of whether protein PTMs are selected or enriched. Many less abundant, redox-sensitive signaling kinases, phosphatases, proteases, and transcription factors are typically identified or analyzed, not through global approaches, but by molecular biological approaches, including Western blotting and mutagenesis.
Although some of the subproteome approaches described in this review have been effective at identifying lower abundant Trx1 target proteins, the current state-of-the-art instrumentation is still not able to directly identify lower abundant signal transduction regulators. Developments in more advanced chromatographic and iso-electric focusing-based technologies for high-resolution peptide separations may allow low abundance proteins and their oxidative PTMs to be identified. Further, the recent introduction of newer MS instruments, capable of routine analysis of labile peptides by electron capture dissociation or electron impact dissociation, may enable the direct localization of SNO-Cys without the need for BST, reducing the possibility of false-positives. It is likely that with a combination of advancements in subcellular fraction and MS detection sensitivity, more and more Trx1-targeted kinases, phosphatases, and transcription factors can be identified.
To identify Trx1 transnitrosylation targets, we previously used the Trx1 dominant negative and denitrosylation-inactive mutant Trx1 C32S/C35S (77) . Overexpression of this mutant in HeLa cells resulted in an observable increase in protein nitrosylation, and after BST, we were able to identify 36 SNOCys sites by MS/MS pertaining to 28 target proteins (273) .   FIG. 19 . Identification of putative denitrosylation protein motifs. HEK293 cell proteins that have been shown to undergo rapid denitrosylation from a recent proteomics study (72) were subjected to Motif-X (http://motif-x.med.harvard.edu/motif-x.html) analysis of the amino acid residues surrounding the nitrosylated cysteines. The following parameters were used: central character = ''C''; width = ''17''; occurrences = ''5''; significance = ''0.0001''; background = ''ipi.HUMAN.fasta''; foreground format = ''fasta''. Two potential motifs CX 6 K (left panel) and CX 5 K (right panel) were found in 43 and 37 peptides, respectively, from a total of 398 identified denitrosylation sites. Proteins that contain these motifs are listed below their respective motif (C.W. and H.L. unpublished data).
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Benhar et al. used an analogous approach, in which Trx1-S 2 was produced by incubating cells with TrxR inhibitors, for the identification of Trx1 denitrosylation targets (23) . A potential drawback of these approaches includes the inability to distinguish genuine Trx1 transnitrosylation targets from denitrosylation targets, since both Trx1-S 2 and Trx1 C32S/C35S are not only inactive as a denitrosylase, but also are capable of being converted into a transnitrosylating agent (273) . Therefore, the increase in SNO-proteins in these cells may be due to either increased Trx1-mediated transnitrosylation, decreased denitrosylation, or both. To overcome these technical problems, experiments should be designed such that an increase in cellular SNO-protein due to attenuation of Trx1 denitrosylation can be distinguished from SNO-Trx1-mediated transnitrosylation.
Finally, conventional BST methods are unable to accurately quantify the extent of S-nitrosylation changes at a particular SNO-Cys site; such information is crucial for distinguishing specific Trx1 catalytic targets from nonspecific ones. One means of accurately quantifying different SNO-Cys site responses to Trx1 modulation is to substitute ICAT reagents for biotin-HPDP in BST (282) . Alternatively, the BST method can be coupled with SILAC or other MSbased quantification methods, to quantify the degree of nitrosylation change within specific Cys-containing peptides (23).
VIII. Conclusions
Reversible cysteine oxidative modifications, including disulfide bond formation (29) and nitrosylation (95) , have been shown to regulate protein functions and to propagate redox signal transduction pathways. The Trx1 system is a key regulator of protein disulfide and nitrosylation status. Under physiological conditions, Trx1 maintains the redox status of proteins via its reductase or denitrosylating activities, sustained with the reducing equivalent from TrxR/NADPH. Within highly oxidative environments, Trx1 becomes S-nitrosylated and offers an alternative modality of protein regulation via transnitrosylation. Transnitrosylation may serve two purposes: to temporarily prevent proteins from acquiring irreversible oxidative modifications when cellular antioxidant systems are overwhelmed, and to serve as a signaling mechanism for altering protein function, contributing to the cellular stress response. It is anticipated that adaptation of the latest redox proteomics technologies to the identification of both Snitrosoproteome and disulfide proteome-wide Trx1 target proteins will enable the discovery of novel signaling proteins. This may provide insights into the specific structural determinants and mechanisms that govern Trx1 and its interactions with target proteins, solidifying its role as a specific disulfide reductase, and denitrosylating and transnitrosylating agent. Further, the identification of specific target proteins of Trx1-mediated transnitrosylation and denitrosylation will facilitate a deeper understanding of how these two contrary activities are regulated within different cellular or physiological environments. Clinical interventions that target Trx1 for the modulation of protein disulfide reduction, nitrosylation, or denitrosylation may provide the specificities that are required for the management of diseases related to oxidative and nitrosative imbalance and the design of personalized medicines. ATP, adenosine triphosphate; 2DE, 2-dimensional gel electrophoresis; Co-IP, coimmunoprecipitation; EMSA, electromobility shift assay; FAD, flavin adenine dinucleotide; FCA, flow cytometry assay; FRET, fluorescence resonance energy transfer; IB, immunoblot; ICAT, isotopecoded affinity tag; IF, immunofluorescence; IP, immunoprecipitation; LC/MS/MS, liquid chromatography/tandem mass spectrometry; NADH, nicotine adenine dinucleotide; RNAi, RNA interference assay; Tg mice, Trx1 transgenic mice; Y2H, yeast two-hybrid assay.
